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ABSTRACT 
In this study, a facile synthesis method was developed to produce layered-layered 
cathode materials with the formula xLi2MnO3•(1-x)LiMO2 (M= Ni and Mn) referred to 
as lithium-manganese-rich materials for lithium ion batteries. The prepared materials 
displayed high capacity ≥200 mAh/g at a current density of 20 mA/g in the voltage 
range of 2.0 V to 4.8 V. In particular the cathode material prepared at pH 10.0 
delivered a high initial discharge capacity of 266 mAh/g at 20 mA/g current density 
and maintained a discharge capacity ≥220 mAh/g at 50 mA/g after 50 cycles.  
The synthesis method was used to further investigate the effect of lithium ratio in the 
layered-layered material. Li1+xMn0.6Ni0.2O2, x= 0.2, 0.25, 0.3 and 0.4 cathode 
materials were produced respectively. The BET surface area analysis results 
showed that Li1.3Mn0.6Ni0.2O2 material had comparatively higher surface area to the 
other cathode materials and also delivered good electrochemical results. XPS 
showed that the cation distribution is affected by the increase in lithium ratio, the 
Mn4+ percentages decreased significantly with an increase in lithium ratio. All 
materials peaks deconvoluted into two peaks namely Mn4+ and Mn3+, 
Li1.3Mn0.6Ni0.2O2 had the highest percentages of the stable Mn4+ 70.8%. 
Further investigation focused on the effect of the sintering temperature on the 
structure and the electrochemical performance of Li1+xMn0.6Ni0.2O2, x= 0.25, 0.3 and 
0.4 cathode materials. X-ray diffraction showed the same patterns for all cathode 
materials sintered at 700˚C, 800˚C and 900˚C. Rietveld refined results however, 
showed that the increase in the sintering temperature, results in a decrease in the 
Li2MnO3 component percentage in the layered structures. Scanning electron 
microscopy images further proved that the particle size increases with increasing 
temperature. The charge–discharge tests of coin cells demonstrated that the 
materials sintered at 800˚C delivered higher discharge capacities above 200 mAh/g 
at 20 mA/g current density when compared to the materials made at the lower 
temperatures.   
Lastly the cathode material prepared at pH 10.0 was further evaluated in a cell using 
lithium titanate oxide Li4Ti5O12 as anode material. The cells delivered an initial 
discharge capacity of 213 mAh/g at 20 mA/g within a voltage range 3.3V-0.5V. The 
coin cells developed in this work delivered good cycling performance. 
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CHAPTER 1 
This chapter gives a brief background on different types of energy sources available 
and also highlights the benefits of using energy from the renewables. A brief 
introduction to lithium ion battery (LIBs), components of lithium ion batteries, basic 
working principles of LIBs, problem statement, aims of the study and objectives. 
Literature review on the structure, output capacity, benefits and disadvantages of 
the available lithium ion batteries cathode materials such as LiCoO2, LiFePO4, 
LiMn2O4 as well as the layered-layered xLi2MnO3·(1 – x) LiMO2 (M= Ni and Mn) 
composite cathode materials are discussed in more detail. The chapter also reviews 
advantages and disadvantages of the available methods of synthesis for cathode 
materials.  
1.1. Introduction 
1.1.1 Energy demand, current and future prospects 
Fossil fuels are still the dominant energy source for industry and household 
electrification and the transport industry which  comprises of  about 80% of the global 
energy supply [1, 2]. To date only about 6% of the total energy is derived from the 
renewable sources. These green or renewable energy sources are derived from 
wind, solar, bioenergy and hydroelectric power [2]. There is a great need to reduce 
the reliance on  fossil fuels due to the adverse effects it poses to the environment a 
result of the increase in green-house gas emissions which leads to global warming 
and environmental pollution [3-5].  
The supply of electricity from green energy sources such as solar and wind are often 
erratic and do not provide a constant base-load supply of electricity, especially 
during the peak demands of evening household usage and harsh winters.  Physical 
factors such as location, seasons and time play a role in full expansion of the 
renewables and their optimisation in grid storage supply. In light with the highlighted 
disadvantages, the implementation and optimal use of renewable energy systems 
can be achieved by making use of large scale energy storage systems that will allow 
the generated excess energy to be stored for later use. The ability to store such 
electrical energy efficiently has become one of the greatest challenges in the 21st 
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century with the forever increasing demand for such energy that ranges from modern 
portable electronics, electric vehicle mobility, increased industrialisation and 
household use. Bearing in mind that the focus would also be on the effective and 
efficient use of such stored energy on a large scale at reasonable consumer prices 
[6]. The demands for advanced energy storage devices are becoming more and 
more relevant. This has raised a lot of interests in the development efforts on 
electrochemical devices focusing mainly on batteries [7].  
1.1.2. Batteries for energy Storage 
The concept of an electrochemical energy storage device was first developed in the 
eighteen hundreds by Alessandro Volta when he introduced a simple voltaic cell 
using zinc and copper rods [8]. This concept was further developed 36 years later by 
John Frederic Daniell in 1836 into what was known as the Daniell cell which 
consisted of zinc rod and copper vessel [9]. With the acceleration of mobility and 
electronic portability in the industrial and communication revolution in the 19th and 
20th century, energy storage devices have similarly evolved to give electrical power 
support for automobiles, portable electronic devices and electrical grid storage. The 
evolution of the main chemistries used in large scale commercial energy storage 
devices is summarized in table1.1.      
 
 
3 
 
Table 1.1. History of batteries 
Inventor Year Invention Chemistry Application 
Alessandro 
Volta 
1800 Voltaic pile Zinc and copper electrodes, 
with brine soaked paper 
electrolyte 
Bench level 
innovation. 
John Frederic 
Daniell 
1836 Daniell cell Zinc and copper electrodes Bench level 
innovation [9]. 
Gaston Plante 1859 Lead acid 
battery 
Lead dioxide and lead 
electrodes, a separator and 
water and sulphuric acid- 
electrolyte. 
Automotive 
industry (first 
rechargeable 
battery) [10]. 
Waldemar 
Jungner 
1899 Nickel 
Cadmium 
Nickel oxide hydroxide and 
metallic cadmium electrodes 
and a separator [11]. 
Electronics and 
toys 
Thomas Alva 
Edison 
Lewis Urry 
1901 
1950 
Alkaline 
Battery 
Modern 
alkaline 
battery 
Zinc and manganese oxides 
as electrodes and potassium 
hydroxide electrolyte [12]. 
Household 
devices such as 
remote controls 
Battelle-
Geneva 
Research 
Centre 
1965 
(1989
) 
Nickel Metal 
Hydride 
Nickel hydroxide and 
hydrogen-absorbing alloy 
electrodes and a separator 
[13]. 
Power tools, 
digital cameras 
and electronic 
devices 
Goodenough/
Sony co-
operation 
1991 Lithium ion 
battery 
Graphite and LiCoO2 
electrodes, an lithium salt and 
a separator [14, 15]. 
Electronics such 
as cellphones 
and laptops. 
 
 
Battery technology is one of the best power backups for automobiles, electronics and 
energy storage for renewables. Lead-acid battery is the first rechargeable battery 
which was invented by Gaston Plante in 1859 [16] and this system has been 
predominantly used in automotive industry and traction applications to date. Lead 
acid is the least expensive, ease of manufacture, energy efficient (75% energy 
efficiency over 300 cycles) and has the lowest energy density of 130-180 Wh/L 
compared to other secondary batteries [17] as shown in figure 1.1 below. Nickel 
Cadmium batteries with improved energy density were introduced shortly after lead-
acid batteries and were applied in power tools and motorised equipment. However, 
Ni-Cd batteries suffer from self-discharge and lower energy efficiency of 70% 
compared to that of lead acid 75% [18]. Due to the mentioned disadvantages further 
research was implemented to improve the battery technology leading to the 
discovery of Nickel metal hydride (Ni-MH). This battery system possesses improved 
energy density compared to Pb-acid and Ni-Cd battery and could be applied in 
medical equipment and instruments.  However it also suffers from self-discharge per 
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month and it is also regarded toxic [18]. Conventional battery technologies, such as 
lead-acid, nickel cadmium and nickel metal hydride do not possess high energy and 
power densities to power electric vehicles and thus are being replaced by lithium-ion 
(Li-ion) batteries. Lithium ion batteries technology has the potential to power high 
density requiring technologies such as electric vehicles and hybrid-electric vehicles 
due to their intrinsic properties such as high energy density and relatively simple 
charge and discharge mechanism. Lithium ion batteries can also store and supply 
energy for a long period of time and has a broad spectra of applications[19] and are 
regarded as one of the near term solutions [20-22]. 
1.1.3. Lithium ion batteries 
 
Figure 1.1 energy density (W h/l) and energy density (W h/kg) spectrum for 
rechargeable batteries 
The earliest rechargeable lithium configuration cells used metallic lithium or Li−Al 
alloys as the negative electrode, with a variety of chalcogenides as the cathode 
materials in several prototypes and commercial products [23]. The discovery, the 
commercialization of lithium cobalt oxide (LiCoO2) as a cathode material for Lithium 
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ion batteries by SONY provided a step forward in the approach of energy storage 
[15]. Sony Corporation introduced lithium ion batteries to the market soon after the 
introduction of Ni-MH batteries. The technology was based on Dr Goodenough’s 
proposed cathode material which was LiCoO2 from the cathode materials family 
LixMO2 (M=Co, Mn and Ni) using graphite as an anode. Lithium ion batteries are 
attractive as power sources for reasons such as, their possession of high energy and 
power density compared to their secondary batteries counterparts as shown in figure 
1.1. Lithium, the main active element in Li-ion battery technology is the most 
electropositive and lightest metallic element and subsequently aids the system with 
high energy density. The lithium ion batteries can also be manufactured in various 
sizes, making them applicable over wide range of technologies such as laptops, 
mobile phones, electric and hybrid electric vehicles. 
 
1.1.3.1. Technical explanations of a cell/battery   
Cell 
A cell is a smallest component of a battery that generally produces between 1 to 5 
volts. A cell consists mainly of an anode, cathode and an electrolyte. 
Charging Process 
Refers to a process whereby electrical energy is applied to a cell/battery and is 
therefore stored as chemical energy within a battery/cell. 
Discharging Process 
A conversion of the stored chemical energy into electrical energy. 
Capacity 
Refers to the total Amps an hour available during a discharging process at a specific 
C-rate or current density from a state of 100% charge to cut-off voltage. The capacity 
of a battery/cell is a product of discharge current (Amps) multiplied by discharge time 
in hours. 
Theoretical specific charge/discharge capacity 
Specific charge/discharge capacity (mAh/g), is the unit that was used in this thesis to 
report on the performance of the cathode material. Specific capacity is calculated 
assuming that all the Li+ ions and subsequent electrons per formula of the 
electrode/active material participate in the electrochemical reaction.  
Specific capacity= (F×nLi/M×(60minutes × 60 seconds))×1000 
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F= Faraday’s constant = 96.496 coulombs per gram equivalent 
NLi = number of Li+ ions and associated electrons per formula of the active material 
M = molecular weight 
C-rates/ current density 
C-rate/current density refers to how fast/slow a battery discharge the stored capacity. 
Generally it refers to the rate at which the battery is discharged relative to the 
possible maximum capacity. 1C-rate means that the battery will be entirely 
discharged in an hour, subsequently 0.25C-rate means 25% of the battery capacity 
will be discharged in an hour and 0.5C-rate means 50% discharge in an hour. In this 
study we used current density instead of C-rate, however these two can be used 
interchangeably. Assuming 200 mAh/g maximum capacity, 20 mA/g current density 
means 10% of the battery capacity can be discharged in an hour same as 0.1C-rate. 
Coulombic efficiency  
Coulombic efficiency is measured this way, discharge capacity divided by charge 
capacity multiplied by 100 to convert the value %, e.g. 200 mAh/g discharge capacity 
divided by 280 charge capacity is 71 % coulombic efficiency. 
Cycle life 
Battery cycle life refers to the number of complete cycles a cell/battery can maintain 
before the original capacity starts to deteriorate.  
1.1.4. Lithium ion battery working principles 
Lithium ion batteries similar to other batteries consist of an anode, cathode, 
electrolyte and a separator. The cathode material is considered as a large 
contributor to the cost of the battery, contributing about 40% of the total battery price 
and the overall capacity of the battery [24]. A lot of research is focused towards 
improving the properties of the cathode materials with the focus on the capacity, life 
cycle and stable higher discharge voltages. The cathode/positive electrode acts as a 
Li+ ion acceptor while the anode/negative electrode acts as a lithium donor during 
the discharge process and vice versa during charge process. This is accompanied 
by limited changes to its active material and thus lithium ion batteries are also 
referred to as “rocking chair” batteries [25]. During charging, Li+ ions de-intercalates 
from the cathode and intercalates in the anode material while electrons also move 
from the cathode to the anode through the external load. During discharge, the 
process is in reverse, where Li+ ions move from the anode and intercalates into the 
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cathode material while electrons also move to the cathode as demonstrated in figure 
1.2 below [26].  
 
An example of the redox reactions that takes place in lithium ion batteries during a 
charging process is given below [27]. 
 
LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe- (1 ˂ x ˂ 0)  cathode (Eq. 1-1) 
6C + xLi+ + xe- ↔ LixC6 + (1 ˂ x ˂ 0)   anode  (Eq. 1-2) 
 
 
Figure 1.2. diagram demonstrating charge and discharge process in a lithium ion 
cell [6]. 
1.1.5. Components of a lithium ion battery 
Anode: The earliest configurations of secondary batteries employed Li metal as an 
anode due to its attractive high theoretical capacity of 3860 mAh/g. However, Li 
metal reactivity towards ambient atmosphere and the safety concerns during cycling 
led to the withdrawal of the metal as an anode material in rechargeable cells. 
Various occurrences of fires due to the formation of lithium dendrites that caused 
internal cell shortening when they pierced the separators was one of the major 
concerns. Subsequently, graphite has been shown to be a suitable  anode material 
in lithium ion batteries for more than two decades [28]. Graphite possesses a 
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theoretical capacity of 372 mAh/g [29], however its practical capacity comes down to 
353 mAh/g making the anode material 95% efficient. Lithium intercalation in graphite 
is governed by 1:6 ratio, with 1 lithium for every 6 carbons in a hexagon type 
configuration. This phenomenon directly relates to the capacity limit (energy storage 
limit) of the material per active mass (g) [30]. Graphite is the most preferred anode 
material for lithium ion batteries due to its stability during lithium insertion [31]. 
Graphite undergoes low expansion during lithium insertion and can undergo many 
capacity cycles with limited loss in charge capacity [32]. Graphite is also prone to the 
formation of solid electrolyte interphase (SEI) on its surface. This layer is formed as 
a result of the electrolyte decomposition, it is a dense matrix that consists of the 
inorganic LiF crystals, lithium alkyl carbonate, lithium alkyloxide,Li2CO3 and the 
porous organic layer or polymeric layer and the layer thickness ranges from 20 Å to 
few 100 Å [33, 34]. LiF crystals are mainly formed when using electrolyte salts such 
as; LiBF6, LiBF4,LiASF6 and LiPF6 and the size of this crystal depends on factors 
such as temperature [35], the type of solvents used in the electrolyte and trace 
impurities [36]. The SEI thermal stability is directly linked to the amount of the LiF 
crystal on the graphite surface and the lower the temperatures the greater the 
amounts of LiF [33]. The formation of the SEI provides stability to the electrolyte and 
prevents further decomposition in following cycles and ensures stable cyclability. The 
continuous growth of the SEI layer however has detrimental effects such as forming 
a resistive layer limiting the ease of Li+ movement and subsequently the capacity of 
the battery [37]. Effects of SEI on the graphite are more pronounced when the 
battery is charged at higher rates, which leads to cracking of the SEI layer. The 
formation of the cracks then exposes the graphite to the electrolyte for the fresh 
growth of the SEI to occur in the cracks which further reduces the capacity [38]. 
There are various materials that are still studied as possible anode materials for 
lithium ion batteries such as carbon based (carbon nanotubes, graphene and hard 
carbons) [39, 40], alloys (silicon which possess higher capacity compared to 
graphene, however experiences large initial capacity fade)[41] and titanium oxides 
materials (Li4Ti5O12 and TiO2) [42]. Over and above titanium anode materials have 
attracted much attention as anode materials for lithium ion batteries due to their 
attributes such as safety, inexpensive and produce good stable cycling. Titanium 
oxides have lower theoretical capacity (175-330 mAh/g) and posess low energy 
density. Also the volume of these oxides structure remain intact during long cycling, 
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thus are regarded safe [43, 44]. However one attribute that may threaten their full 
utilization as anode materials is low theoretical capacity compared to other anode 
materials. There exists three types of titanium based oxides that have been 
extensively studied namely; titanium dioxide (TiO2), spinel-LTO (Li4Ti5O12) and 
lithium titanium oxide (MLi2Ti6O14, M=Sr, Ba, and Na) [42]. The spinel-LTO  has been 
successfully commercialized due to its superior thermal stability, high rate capability, 
volumetric capacity and longer cycle life [45] 
Li4Ti5O12 anode material, is a spinel oxide with a space group Fd3m and allows for 
lithium intercalation and de-intercalation resulting in a minimal volume change or 
structural straining. It is therefore referred to as the zero strain due to the 0.2% 
volume change during intercalation and de-intercalation [43]. These materials are 
attractive as anodic materials for lithium ion batteries due to their high operating 
potentials 1.55-1.62 V, theoretical capacity of 175 mAh/g, excellent cycle life [46] and 
lithium diffusion coefficients in the range 2 ×10-8 cm2 s-1. Spinel-LTO is a possible 
alternative for graphite due to high potential plateau at 1.55V vs. Li/Li+ which is good 
for avoiding the formation of anode SEI as it is the case with graphite and therefore 
lithium insertion is not compromised [47]. In addition, the high potential of LTO 
prevents the formation of dendrites even when the charging rates increases. 
Although LTO does not possess high lithium diffusibility or high electric conductivity 
due to high rate performance the anode material is attractive for high-rate and long 
cycle life applications. 
Electrolyte: The electrolyte is a conductive solution which aids the mobility of the Li+ 
ions between the anode and cathode materials during charge and discharge 
processes respectively. The electrolytes that are used in the cell relates to the 
safety, internal resistance, ability to work at low temperatures and the longevity of 
the battery. Some of the newer cathode materials that are available commercially 
and those that are under research can work up to 5V versus Li. Some of the 
traditional organic electrolytes start to decompose at the higher potentials, these 
electrolytes require additional stabilizers and additives to allow the cell to work 
effectively within the higher voltage window limits. Qualities for a good electrolyte 
include, good ionic conductivity, chemical and thermal stability of the inorganic salts, 
wide electrochemical potential window (0.0 to 5V Li/Li+) [48], good thermal stability 
with little or no reactivity towards other cell components. Electrolytes with high ionic 
 
 
10 
 
conductivity are preferred for lithium ion batteries as they allow faster and ease of Li+ 
transportation between electrodes therefore minimizing the internal resistance of the 
cell. Aprotic (non-aqueous) electrolytes with low conductivities compared to aqueous 
electrolytes are currently the electrolytes of choice for lithium ion batteries. The 
physicochemical properties such as high boiling points and dielectric constants for 
electrolyte solvents should also be considered [49]. These two properties are 
important for insuring great solubility and dissociation of lithium salts and good high 
temperature working conditions. Some of the more common solvents used are 
Ethylene carbonate (EC) and propylene carbonate (PC) which have high boiling 
points 248˚C and 242˚C and dielectric constants 89.6 and 64.4 respectively.  
However both solvents have relatively high viscosities which impede the movement 
of Li+ ions during charge and discharge reaction. Most commercial batteries make 
use of EC as a solvent because of high dielectric constant and allows for its use in 
typical ambient applications, lower charge and discharge rates. It is evident that 
there is no solvent that encompasses all the physical properties required for a good 
working electrolyte, therefore two or more solvents are combined to obtain desirable 
properties to make a good electrolyte. Commercially available lithium ion batteries 
use LiPF6 as the electrolyte salt due to the highest ionic conductivity, high solubility, 
high dissociation constant and environmental properties the salt offers [50]. However 
LiPF6 is thermally unstable at higher temperatures and also moisture sensitive and 
forms HF which is unfavourable to lithium ion battery lifetime. Efforts to improve the 
safety and performance of electrolytes lead to the introduction of salts such as 
lithium  bis(trifluoromethanesulfonyl)  Li[N(SO2CF3)2  (LiTFSI),  lithium  tris(pentafluor
oethyl)-trifluorophosphate Li[(C2F5)3PF3] (LiFAP)  and lithium bis(oxalato)borate, 
Li[B(C2O4)2] (LiBOB). Some of the challenges of these three salts include their low 
solubility in carbonate solvents, they cause aluminium (Al) corrosion when charged 
above 3.5 V and are costly when compared to LiPF6 [51]. Lithium bis(fluorosulfonyl) 
imide (LiFSI)  is thermally superior compared to LiPF6, highly conductive and non-
corrosive to Al between 3.0 V and 5.0 V potentials and could potentially be the next 
electrolyte for lithium ion batteries [52]. To circumvent disadvantages such as 
corrosion, thermal instability from electrolyte salts, salts mixing are proposed in 
literature to optimize their  synergistic effects  [53]. Literature showed that using 
LiFSI as an additive into LiPF6 greatly improved the cycling stability of the graphite 
anode, but did not work for LiFePO4 cathode material due to the corrosive effect of 
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FSI anions. However, the addition of LiBOB  to the LiPF6/ LiFSI brings about 
prevention of Al collector corrosion [54]. 
 
Cathode: The first promising lithium intercalating inorganic cathode material was 
Titanium disulphide (TiS2) first proposed by Whittingham in the 1970’s employed in 
rechargeable lithium batteries [55]. However, due to the low voltage window of the 
cell and the high cost of production, there were major obstacles for 
commercialization of the cells with this cathode material. Subsequently in the 1980’s 
Mizushima and co-workers in Goodenough’s group proposed layered cobalt oxide as 
a potential cathode material for lithium ion batteries [15]. The material was further 
developed and led to commercialization of the first lithium ion battery in 1990 by 
Sony Corporation Japan [56], the layered material is still predominantly used in 
mobile electronics applications to date [57]. There is an on-going research on either 
improving the cobalt-oxide layered material or pursuing other structures for cathode 
materials and these will be discussed below. 
 
1.2. Literature review on lithium ion battery cathode materials 
This segment of the chapter gives a literature overview on various types of Lithium 
ion battery cathode materials, with the emphasis on the structure, electrochemistry 
(capacity, cycling performance and rate capability), methods of synthesis and 
possible methods of improving cathode materials structure and electrochemistry. 
This section focuses on reviewing lithium intercalating cathode materials, focusing 
on their advantages and disadvantages and most importantly efforts made to 
improve the overall performance of cathode materials. The cathode materials are 
grouped into three types based on their commonly named crystal structure; layered 
metal oxide (LiCoO2), olivine LiFePO4, spinel LiMn2O4 and layered oxide Li2MnO3-
LMO2 (M = Mn, Ni, Co).  
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1.2.1 Layered (LiCoO2) 
 
 
Figure 1.3. Layered structure of LiCoO2 [58] 
LiCoO2 has a layered structure where the Co (cobalt) ion is surrounded by six 
oxygen ions occupying the octahedral 3c sites while Li ions occupy 3b sites between 
the oxygen layers. The layered material has R3m space group and is indexed to a 
hexagonal crystal type structure. The Li and Co ions are housed in alternating planes, 
separated by oxygen layers as shown in figure 1.3 [59]. LiCoO2 is considered to be 
the most stable layered material compared to its structural analogues such as LiNiO2 
and LiMnO2 [60]. However the stability of the LiCoO2 structure is dependent of the 
value of x in the Li1-xCoO2 structure. By increasing the x value, results in a decrease 
in structural stability and subsequently increasing x value would decrease the lithium 
content and the resulting capacity [61]. The structural stability is maintained over a 
compositional range 0 < x < 0.5 meaning that the lithium removal is only limited to ≤ 
0.5 and beyond that the LiCoO2 undergoes transition from hexagonal phase to 
monoclinic phase [60]. The phase transition can occur electrochemically and takes 
place between 4.1 and 4.2V with an accompanying expansion along the unit cell’s c-
axis. The expansion would result in particle deformation and a loss of contact 
between the various active material particles of LiCoO2 which relates to the fact that 
this process introduces about 1.2% elastic strain which is beyond the elastic strain 
tolerance for oxides which is about 0.1% [60].This would result in a rapid capacity 
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loss during discharge and charge cycles. LiCoO2 can potentially deliver 280mAh/g 
capacity if one Li per metal oxide (LiCoO2) can be extracted and transferred during 
an electrochemical reaction. However as previously alluded to, only 0.5 mole Li can 
be extracted practically during charging. Since only 0.5 mole (50%) of Li can be 
extracted, making the LiCoO2 active material to deliver only a practical capacity of 
120-140 mAh/g when charged between 2.5 V and 4.2V. To increase the capacity of 
the material to near its theoretical capacity of approximately 280mAh/g and to reach 
the required capacity for advanced applications the voltage has to be increased 
above 4.2V, thereby increasing the lithium ions extraction. However the potentials 
above 4.2 V introduces irreversible phase transitions in LiCoO2 lattice [62].  
Various advances to stabilize the LiCoO2 structure in order to extract more lithium 
and subsequently increasing capacity of the material have been studied. Structural 
modification methods such as doping and coating have shown to be successful. 
Reddy et al 2014 reported on the effect of doping the LiCoO2 with magnesium onto 
the cobalt site Li(MgxCo1-x)O2 with x values 0, 0.03 and 0.05 respectively using a 
molten salt method. The results from the study showed that the undoped LiCoO2 
delivered a capacity of 156 mAh/g when compared to the doped material of about 
135 mAh/g [22]. In the same light Zhu and colleagues also reported on doping 
LiCoO2 with Mg with ratios; x= 0.01, 0.03 and 0.05 using polymer-pyrolysis method. 
The results showed that increase in the doping amount lead to the decrease in first 
discharge capacities, however doped-LiCoO2 material produced stable cycling 
performance compared to bare-LiCoO2. The same study showed that x= 0.03 ratio 
produced the best improved cycling performance from 77% (bare) to 91.1 % after 50 
cycles [62]. In light of the results obtained, it is clear that synthesis method also plays 
a role when preparing doped materials. Other metals that were considered for 
doping LiCoO2 cathode material towards improving the electrochemical properties 
include Ti [63], Zr [64], Mo [65] and Sn [66]. Cho et al studied the effect of coating 
LiCoO2 with Al2O3. They showed that there was no initial capacity improvement with 
regards to the initial capacity cycle of the cells, as both coated/uncoated materials 
delivered about 174 mAh/g at the 0.1C (14 mA/g) rate between 4.4V and 2.75 V. 
However the coated LiCoO2 displayed excellent capacity retention maintaining 94% 
of its capacity after 50 cycles while the uncoated LiCoO2 capacity deteriorated rapidly 
with a loss of 64% capacity after 50 cycles. This was  attributed to the phase 
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transition of the active material from hexagonal to monoclinic phase during capacity 
cycling [60]. Recently, the same study was done but this time using the facile 
synthesis method to achieve excellent cycling stability retaining 147 mAh/g capacity 
(82.6% retention) at 1C-rate after 500 cycles also reaching 130 mAh/g capacity at 
10C-rate [67]. 
LiCoO2 is to date still used as one of the common materials in lithium ion batteries to 
power small devices due to good open circuit 4V potential, reversible capacities 
between 120-140 mAh/g and excellent cycle life, high power density and relative 
ease of manufacturing [22, 68]. However, LiCoO2 has some disadvantages in 
terms of high commercial price, toxicity and thermal instability [69]. A lot of research 
has focused on finding alternative cathode materials that make use of alternative 
transition metals to substitute the Co [22]. In addition, lithium ion battery with 
LiCoO2 show a decrease in capacity when subjected to high number of cycles at 
high rates and elevated temperatures[22]. One of the most concerning problems 
of this type of battery is its thermal safety, which is not suitable for high energy 
demand applications such as EV, hybrid electric vehicles (HEV) and stand-by utility 
energy storage. An increase in temperature increases the materials deterioration 
because the electrolyte can react with LiCoO2, resulting in the Co in the LiCoO2 to 
dissolve and subsequently contributing to the performance deterioration and 
increase the possibility of internal thermal instability resulting in low temperature 
thermal runaway [70-72]. This therefore led to investigation and development of 
similar layered compounds with other transition metals that are less costly like lithium 
nickel oxide (LiNiO2) [73].  
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1.2.2. Layered LiNiO2 
 
Figure 1.4. Layered structure of LiNiO2 [74]. 
Similar to LiCoO2, LiNiO2 cathode material is also indexed to a hexagonal crystal 
type structure, a layered material which adopts the R3m space group. The metal 
oxide is less costly and less toxic and has higher specific capacity compared to 
LiCoO2. However, LiNiO2 also has its disadvantages; such as low thermal stability, 
difficult synthesis and less ordered structure compared to LiCoO2. The material also 
has poor cycle life when charged to the higher voltage of above 4.3V [75]. Some of 
the explanations of these effects are the cationic mixing that takes place in the 
LiNiO2 structure where Li layers are occupied by Ni2+ ions therefore reducing Li+ ion 
diffusion ability during electrochemical reaction. To reduce the capacity fading during 
cycling, the nickel in LiNiO2 was substituted with manganese LiNixMn(1-x)O2 where 
x<1 [76]. The most successful material of this group is LiNi0.5Mn0.5O2. Although the 
material delivers higher capacity when compared to LiNiO2 and LiCoO2, the 
material suffers capacity fading [77]. Another attempt at improving structural, 
thermal stability and synthesis of LiNiO2 was studied by introducing small amounts of 
Co in the structure of LiNiO2 to produce Li(NixCo1−x)O2 [78]. The prominent material 
resulting from doping LiNiO2 with Co is LiNi0.8Co0.2O2, the material possess better 
structure and lowered safety issues existing in LiNiO2, though safety issues still 
exists [79]. Xiang and colleagues performed safety studies of bare-LiNi0.8Co0.2O2 and 
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Al2O3-LiNi0.8Co0.2O2 coated material. In the study, it was demonstrated that the Al2O3 
layer improves the material’s thermal stability by restraining the exothermic reaction 
of the cathode material and the electrolyte. The coating layer also improved the initial 
capacity of the LiNi0.8Co0.2O2 and the cycling performance, bare-LiNi0.8Co0.2O2 (65% 
capacity retention after 80 cycles at 3.0 V and 4.35 V), Al2O3-LiNi0.8Co0.2O2 (89% 
capacity retention after 100 cycles) [80]. Another study involving TiO2-LiNi0.8Co0.2O2 
surface coating proved that the lower percentage (3%) coating does not alter the 
crystal structure of the pristine material as no impurity peaks were observed. The 
TiO2-LiNi0.8Co0.2O2 material showed improved capacity retention, 80 % retention 
after 100 cycles in the voltage range 2.7 V to 4.5 V at 0.2C [81].To further improve 
characteristics of Li(NixCo1−x)O2 material, further doping with aluminium was 
employed where the Al helped mitigate some of the  cation mixing by preserving Li+ 
in lithium layers. Aluminium doping contributed to structural ordering and 
subsequently resulted in the cells made with the material to have good cyclability 
and thermal stability [82]. The most common cathode material related to LiNiO2 
structure is LiNi0.8Co0.15Al0.05O2 (NCA) which was developed at Argonne national 
laboratory and is now commercially available [83]. The NCA material was shown to 
achieve 190 mAh/g capacities because approximately 0.7Li can be extracted and 
transferred during charge/discharge process, which is an improvement from 0.5Li 
for LiCoO2. Since the discovery of LiNi0.5Mn0.5O2 cathode material the LiNiO2 cathode 
is no longer studied as a single entity but as a composite as shown in section 1.2.6 
below.  
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1.2.3. Olivine materials (LiFePO4) 
 
Figure 1.5. Olivine crystal structure of LiFePO4 [58] 
LiFePO4 cathode material was first reported as a possible suitable replacement for 
LiCoO2 material in 1997 [84]. LiFePO4 cathode materials are made of affordable, 
abundant and relatively environmentally friendly elements such as iron and 
phosphorous [85]. LiFePO4 possesses an orthorhombic crystal structure with Pnma 
space group where the FeO6 octahedral sites are separated by PO4 tetrahedral sites 
and the Li ions where the Li+ ions would only be able to move in one direction 
through the channels of the unit cells as shown in figure 1.5. The cathode material 
has theoretical capacity of 170 mAh/g with stable but lower voltages (3.4 V vs. 
Li/Li+) and good energy density [23, 86, 87]. This material however is an 
insulating phase, has low electronic conductivity, Li+ ion diffusion is quite low and 
has poor rate capability [88]. Due to the low electrical conductivity only 60% of the 
170 mAh/g theoretical capacity is usually extracted during electrochemical cycling at 
0.1 C-rate [84].Carbon coating can significantly improve electronic conductivity of 
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LiFePO4, providing pathways for electron transfer subsequently improving 
electrochemical properties [89, 90]. The normal particle size for LiFePO4 ranges 
between 100 nm and 200 nm, Chen  et al suggested that the decrease in side can 
increase surface area and subsequently increase the electrical conductivity by 
additives [91]. Doping LiFePO4 with other transition metals has also been explored, 
Zn-doping to produce LiZn0.01Fe0.09PO4 was achieved using solid state synthesis. 
The XRD analysis showed that the Zn doping did not alter the lattice structure of 
LiFePO4 due to the low amount of Zn ratio. The electrochemical performance 
improved satisfactorily for doped LiFePO4, charge capacity increased from 100 to 
163 mAh/g (96% of theoretical capacity) for first cycle charged at 0.1C. These results 
correlates well to the decreased charge transfer resistance observed from 
electrochemical impedance spectroscopy [92]. The silver coating has also been used 
to enhance the capacity of LiFePO4, the capacity of the 1 wt% Ag coated material 
was larger than that of the pristine material. Coating enhanced the capacity from 121 
mAh/g for the pristine to 139 mAh/g at 0.1C-rate [93]. The ZrO2 coating showed 
slight electrochemical performance improvement, both the specific capacity and the 
cycling stability of LiFePO4 effectively improved, particularly at high rates [94]. Silicon 
oxide coating also slightly improved the pristine capacity from 150 mAh/g to 160 
mAh/g at 0.1C-rate. The SiO2 coating is able to reduce the impedance significantly 
by reducing the accelerated formation of interfacial resistance during cycling, 
subsequently enhancing ionic conductivity to a certain extend [95]. Recently, 
microwave irradiation was employed to enhance capacity, coulombic efficiency and 
charge-transfer properties of Mn-doped LiFePO4 coated with reduced graphene 
oxide (RGO). LiFePO4-RGO α-MnO2 doped cathode material had improved surface 
area and subsequently improved first cycle capacity from 138 mAh/g (pristine 
LiFePO4-RGO) to 148 mAh/g [96]. However, the coating and the doping of LiFePO4 
does not improve the conductivity significantly, the capacity obtained after doping 
and coating is still below the theoretical capacity of 170 mAh/g and also the voltage 
remains below 4V. In 2007, Wang and colleagues investigated the effect of doping 
an olivine material with a layered material and the results showed that the capacity 
did not improve at all however the voltage did increase ≥ 4.2V [97]. These types of 
composites are currently explored and further findings from literature are presented 
below in section 1.2.6. 
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1.2.4. Spinel (LiMn2O4) 
 
Figure 1.6. Crystal lattice structure of LiMn2O4 [74]. 
The spinel LiMn2O4 for lithium ion batteries was developed  by Thackeray and co-
workers in the 1980s [77]. The manganese based cathode material has advantages 
in that the manganese raw material is comparatively cheaper than the other 
materials such as nickel and cobalt. It also has a relatively lower environmental 
toxicity and is one of the many minerals mined and exported from South Africa [98]. 
LiMn2O4 has a typical spinel cubic structure with Fd-3m space group. Li and Mn 
cations occupy both octahedral and tetrahedral sites, the LiO4 tetrahedral sites share 
its face with MnO6 octahedral sites creating voids which subsequently allows the 3D 
Li+ transport to occur through the material during capacity cycling (Fig. 1.6). However, 
cells with the spinel LiMn2O4 active material produces a comparatively lower capacity 
of 120mAh/g which is 80% of its theoretical capacity 148 mAh/g. Spinel Li+ 
extraction/transfer is only 0.85Li+ within the voltage limits of 3.0 V and 4.3 V. 
However, the spinel undergoes severe capacity fading during charge/discharge 
cycling, which may be due to either the dissolution of Mn into the electrolyte and or 
the Jahn-Teller distortion of the unit cell [99]. LiMn2O4 structure consists of two 
manganese oxidation states, Mn4+ (50%) and Mn3+ (50%). In the case where Mn3+ 
exceeds 50% ratio the structure is prone to undergo Jahn-Teller distortion, which is a 
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phase transition from cubic to tetragonal and subsequently volume change of the 
unit cell. During high rates charge/discharges, lithium ions collect on the surface of 
the LiMn2O4 particles forming a Mn3+ region which is favourable for Jahn-teller 
distortion [100].  
Two valence states exists in this cathode material namely; Mn4+ and Mn3+, Mn3+ is 
more electro-active but unstable towards Jahn-Teller distortion thus in terms of 
stability of the spinel material Mn4+ is preferred. Substitution of small amounts of the 
trivalent Mn ions (Mn3+) by dopant ions of different oxidation states (redox active 
transition metals) such as Ni, Mg, Al, Co, Cr, Ti etc has shown to reduce Jahn-teller 
effects to an extent [100]. The Al-doped materials LiAl0.05Mn1.95O4 and 
LiAl0.08Mn1.92O4 both showed an improved capacity retention when charged at 50 
mA/g at 3.5 V and 4.3 V at room temperature. The capacity retention increased from 
91.6 % (un-doped LiMn2O4) to 98.6 and 100% for LiAl0.05Mn1.95O4 and 
LiAl0.08Mn1.92O4 respectively [101]. The Ni doped material with the formula 
LiNi0.5Mn1.5O4 has shown significant improvement in cycling performance and 
increased energy density [102]. The doping increased the discharge-charge plateau 
of spinel LiNi0.5Mn1.5O4 from 4.1 V to almost 4.7 V [103] which is higher than the 
undoped LiMn2O4 spinel [104].  
 
Figure 1.7. First cycle voltage profiles of the as-prepared LiNi0.5Mn1.5O4, re-annealed 
LiNi0.5Mn1.5O4 and LiNi0.45Cr0.05Mn1.5O4 [105]. 
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There are disadvantages associated with operating a cell at 4.7 V, one of them is 
unwanted cathode and electrolyte interactions especially the interactions which may 
be detrimental to cycling performance. Although Mn3+ contributes to the small 
plateau around 4V, the Mn3+ species may form Mn2+ via a disproportion reaction. The 
presence of Mn2+ is detrimental in the capacity cycling performance of the cathode 
material as it dissolves into the electrolyte. Synthesis parameters such as annealing 
and changing the cooling rate can influence the content of Mn3+ in the active material 
[105]. Xiao et al showed in their study as depicted in figure 1.7 above, re-annealing 
the cathode material reduces the Mn3+ content in the LiNi0.5Mn1.5O4 structure. The 
results showed that the lattice parameter (A) was reduced post re-annealing process 
which is directly linked to the reduced amount of Mn3+ species in the spinel structure. 
Fu et al demonstrated that Al doping can greatly reduce the charge transfer 
resistance while enhancing the cycling stability of LiMn2O4 by avoiding electrolyte 
etching during the charge/discharge process. The as-prepared Al-doped LiMn2O4 
truncated octahedrons exhibit average markedly enhanced cycling stability 88.7% 
and 86.1% capacity retention at 25 °C after 1000 cycles and at 55 °C after 500 
cycles, respectively compared to pure LiMn2O4 truncated octahedrons (75.3% and 
66.6% capacity retention at 25 °C after 1000 cycles and at 55°C after 500 cycles, 
respectively) [106]. LiMn2O4 has recently found applications in electric vehicles and 
is currently been used as the cathode material to power a Nissan Leaf a pure electric 
vehicle [107]. One of its major challenges that still threatens the extensive and full 
utilization of LiMn2O4 is capacity fading upon continuous cycling. Microwave 
irradiation pre and post annealing was used recently in attempt to stabilize the 
structure of the spinel by decreasing the population of Mn3+ ions. Electrochemical 
performance with the focus on rate performance, first cycle capacity and cycling 
performance were enhanced with one material reaching 131.5 mAh/g capacity at 0.1 
C-rate [108]. A year later, Raju and co-workers also used microwave to produce 
nickel doped LiMn2O4, the study showed that LiNi0.2Mn1.8O4-mic outperformed 
pristine LiNi0.2Mn1.8O4. This therefore shows that microwave is able to decrease the 
Mn3+ ions and subsequently stabilize LiNi0.2Mn1.8O4 towards high temperature 
cycling [109]. Introduction of La-Sr-Mn-O (LSM) coating layer to LiMn2O4 proved to 
suppress manganese dissolution and subsequently stable cycling performance at 
elevated temperatures. The composite the shows 93.6% capacity retention at 55°C, 
after 130 cycles [110]. Literature shows that there is not a lot that can be done to 
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improve the capacity of the spinel, however there exists various methods that have 
proved to improve the cycling stability. 
1.2.5. Li2MnO3  
Li2MnO3 assumes a layered rock salt structure with Li and Mn ions in a 2:1 ratio 
respectively in alternating layers, separated by cubic based oxygen layers. The 
crystal structure is similar to LiCoO2 and LiNiO2 with a R3-m space group, assuming 
this notation Li[Li1/3Mn2/3]O2, otherwise it is generally indexed as C2/m space group 
[111]. Li2MnO3 is considered electrochemically inert due to the Mn4+ oxidation state 
and Mn inability to oxidize beyond 4+ in an octahedral oxygen environment. However 
an alternative extraction of lithium from this material can be achieved by charging at 
higher voltages >4.5V where Li+ is extracted in the form of Li2O with simultaneous 
removal of oxygen to balance the charge, leaving behind MnO2 component [111]. 
Li2O is extracted during the first charge, where 2x Li+ can produce relatively high 
capacities and also contributes to irreversible capacity loss because the  two Li+ ions 
that are extracted subsequently results in only 1 Li+ ion returning during discharge 
[112]. This results in the initial charge/discharge cycle process to be coulombic 
inefficient, since the capacity loss on discharge would be less than 20-30% when 
compared to the charge step [113].  
1.2.6. Layered-layered cathode materials 
Lithium ion batteries (LIBs) have been a dominant power source for a wide range of 
portable electronic devices such as laptops, power tools and mobile phones. Since 
the inception of rechargeable batteries commercialization by Sony in 1991, the 
layered LiCoO2 was the most widely used cathode material for the LIBs in many 
portable electronics due to its excellent capacity rate capabilities, cycling 
performance and a high-tap density [114, 115]. However, the high cost and safety 
concerns of using cobalt as the cathode material has led to research of alternative 
cathode materials that are cheaper, have higher specific capacities and can operate 
at higher potentials when compared to the cobalt based oxides [116]. Spinel LiMn2O4 
was one of the first alternative cathode materials to LiCoO2 because of its lower 
material cost with less environmental concerns [117]. However, the specific capacity 
of 120 mAh/g at 4.1 V vs. Li0/Li+ with poor cycling performance has limited its use in 
lithium ion batteries [118]. In order to improve the electrochemical stability of the 
manganese based spinel material, many elemental dopants have been considered 
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that include amongst others Fe, Al, Na, Ni, Co and Zn [119-121]. Literature shows 
that the dopants mostly improved the cycling stability of the spinel while the capacity 
reduced below 120 mAh/g or remained the same.  
The search for higher density electrode material with excellent electrochemical 
output is becoming more crucial due to expansion of lithium ion battery applications 
for advanced energy storage devices such as electric vehicles (EV) and hybrid 
electric vehicles (HEV) [122]. 
Recently, Lithium-manganese-rich layered transition metal (LMR-TM) oxide 
composites have been promising candidates to achieve higher capacities (greater 
than 200 mAh/g) and voltage stabilities with good cycle life in order to provide the 
necessary power requirements for electric vehicles (EV) and hybrid electric 
vehicles (HEV) [122, 123]. The operating voltage window of these LMR-TM 
materials have shown to be within the high range of 2.0 V to 4.8 V [124], which is 
ideal for the high power requirements associated with EV. The general chemical 
formula of LMR-TMs are written as xLi2MnO3 • (1-x) LiMO2 where M = Mn, Ni, Co 
and x between 0 and 1. The integration of two or three oxide materials offer 
considerable electrochemical advantages over the commercialized single structured 
materials like LiMnO2, LiCoO2 or LiNiO2 that include high discharge capacities 
(~200 mAh/g) with high average discharge voltage profiles (~4.6 V). This is mainly 
due to the combined characteristics of LiCoO2 which has the ordered structure, 
LiNiO2 with high voltages and Li2MnO3 which offer surplus Li+ and stability role [125-
129]. Also, since these LMR-TMs possess a similar LiCoO2 layered structure with the 
addition of LiNiO2 and excess of Mn4+ through Li2MnO3, these materials have an 
enhanced thermal stability compared to their contemporaries. The thermal stability of 
these LMR-TMs also allows for a larger quantity of Li+ ions to move through the 
structure thereby resulting in high capacities [113]. The LMR-TMs are relatively 
environmental benign and cost effective due to limited quantities of the cobalt used 
in their molecular structures and their high thermal stability on recharging [112]. The 
capacity that is produced at potentials below 4.5 V (vs Li/Li+) can be attributed to the 
LiMO2 component, whereas Li2MnO3 composite serves as a capacity reservoir when 
charged above 4.5 V (Li/Li+) as shown in figure 1.9 below. The Li2MnO3 component 
also offers structure stability with the presence of Mn4+ that occurs at higher 
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operating voltages and achieve higher capacities due to the ability to extract two Li+ 
ions when charged at voltages > 4.5 V [130]. 
 
 
Figure 1.8. Crystal structure of (a) LiMO2 (space group R3m, M= Mn, Ni, Co, Fe, Cr 
etc) and (b) monoclinic Li2MnO3 structure (space group C2/m) [131]. 
Despite the different space groups symmetry these materials possess, the Li2MnO3 
and LiMO2 are structurally integrated at atomic level because both structures 
interlayer spacing is close to 4.7Å [130]. It was established that the Mn4+ oxidation 
state in Li2MnO3 makes the material electrochemical inert at potentials below 4.4V. 
The capacity contribution would only be activated at potentials > 4.5V by realising 
lithium and oxygen in this form Li2O during the first charge yielding irreversible ~400 
mAh/g [125-129]. The electrochemical properties of these materials depend on 
various parameters that include but not limited to the value of x which is the ratios of 
transition metals of manganese, nickel and cobalt. Various cathode materials have 
been developed based on the xLi2MnO3•(1-x) LiMO2 (M = Ni, Mn, Co) formula, 
where x can range between 0 and 1. Ideally, the larger the value of x is associated 
with more capacity as this means the more Li2MnO3 component in the composite 
[132].  
A lot of research has focused on finding alternative cathode materials that 
possess high capacity, operate at high voltages and use low cost starting 
materials [133]. These materials deliver high capacities > 200mAh/g (240-250 
mAh/g) in the high voltage range 2.0 V to 4.8 [122]. However, have innate 
shortcomings such as; large initial irreversible capacity, capacity fade upon 
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prolonged cycling, poor rate capability, high reactivity with the electrolyte at high 
voltages [134]. 
 
Figure 1.9. Shows redox pathways of layered-layered cathode materials [135]. 
Layered-layered cathode materials suffer voltage fade and this also directly affects 
the discharge capacity of these materials in a long time. Figure 1.9 above clearly 
shows the effects of voltage fade in Li1.2Mn0.56Ni0.16Co0.08O2 cathode material, in that 
the initial discharge capacity of 270 mAh/g decreased to about 212 mAh/g by the 
50th cycle due to voltage fade [135]. Li1.2Mn0.54Ni0.13Co0.13O2 pristine materials also 
experienced voltage fade leading to dramatic discharge capacity decrease from 250 
mAh/g (2nd cycle) to 196 mAh/g (80th), however such effects can be decreased by 
means of coating the surface of the materials. It is evident that coating 
Li1.2Mn0.54Ni0.13Co0.13O2 with LiVO3 significantly improves voltage stability leading to 
the coated material delivering about 250 mAh/g discharge capacity after 80 cycles 
[136]. Coating the Li1.2Mn0.54Ni0.13Co0.13O2 material with LiFePO4 also improved the 
voltage stability during cycling leading to 88% capacity retention post 20 cycles, 
whereas coating with Al2O3 resulted in 80% capacity retention compared to 80% 
capacity retention of the pristine material [137]. 
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Thackeray “et al”. has reported on converting the Li2MnO3 to electrochemical active 
format via acid treatment. It was found that only 20 mAh/g could be extracted during 
first charge step below 4.5V. However on increasing the voltage to 5V, about 383 
mAh/g was obtained which amounts to 83% of the theoretical capacity of Li2MnO3 
[130]. Acid treated Li2MnO3 electrodes appeared to have contributed to the increase 
of the first cycle electrochemical efficiency of the Li/ Li2MnO3 cell.  
Olivine cathode materials such as LiNiPO4 and LiCoPO4 possess good rate 
capabilities and are quite stable at high potentials 5V vs. Li0 and are therefore good 
candidates for blending/coating xLi2MnO3•(1-x)LiMO2 (M = Ni, Mn, Co) materials. 
There are a number of reports on attempts towards improving layered material’s 
good rate capabilities and first charge coulombic efficiency using olivine materials as 
surface modifiers of xLi2MnO3•(1-x)LiMO2 (M = Ni, Mn, Co) materials. Kang et al 
used LiNiPO4 olivine material to coat Li1.2Mn0.524Ni0.176Co0.1O2 and reported improved 
first cycle coulombic efficiency from 81% uncoated to 87%.The coating also 
improved the cycling stability of the layered material at higher discharge current 
densities compared to the parent Li1.2Mn0.524Ni0.176Co0.1O2 electrode [138]. Gallagher 
et al., also reported on improved rate capability of the Li1.2Mn0.524Ni0.176Co0.1O2 
blended with LiFePO4  [139]. Liu et al., used LiCoPO4 varying molar percentages (3, 
5 and 7%) as a coating material for Li1.2Mn0.59Ni0.18Co0.03O2 and the coated materials 
showed improved cycling stability and rate capability. Literature reports that olivine 
coating is beneficial for improving rate capability, stable cycling and capacity 
retention, however the olivine materials decreases the capacity of the parent material 
[140]. Table 1.2 below summarizes the developments and attempts reported in the 
literature to improve electrochemical performance of layered oxide materials by 
means of coating, doping and synthesis methods. It is evident from literature that 
Li1.2Mn0.54Ni0.13Co0.13O2 is the most studied layered oxide material and co-
precipitation together with sol-gel methods are the most used to produce layered 
oxide materials.  
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Table 1. 2. Tabulated literature review for layered-layered materials  
Cathode material Synthesis 
method 
Electrochemical Summary 
Li1.2Mn0.54Ni0.13Co0.13O2 
prepared at various 
methods [141] 
Sol-gel, co-
precipitation 
and sucrose 
combustion 
Combustion method exhibits highest 
discharge capacities, followed by sol-gel 
and co-precipitation method at all c-rates.  
Li[Li0.2Mn0.6-xNi0.2-xMg2x]O2, 
[142] 
Co-
precipitation 
method 
 
All cells charged at 0.05C (10 mA/g) 
initially delivered these capacities, 
QMg0= 219 mAh/g, QMg1=140.6 mAh/g, 
QMg2=90.2 mAh/g, QMg3= 82.1 mAh/g. 
QMg1 showed better cycling 
performance compared to QMg0. 
Li1.2Mn0.54Ni0.13Co0.13O2 
[143] 
Sol-gel 
method, at 
800˚C, 
900˚C and 
1000˚C 
Materials synthesized at 1000˚C 
delivered high discharge capacities, 
followed by 800˚C and 900˚C 
respectively.  
Li[Li0.19Mn0.57Ni0.16Co0.05]O2 
surface coated with  AlF3 
[144] 
 Cells were charged at 20 mA/g between 
2.0 and 4.6 V, pristine =227.6 mAh/g, 
ALF3 1 wt% =245.6 mAh/g, ALF3 2 
wt%=240.6 mAh/g, ALF3 5 wt%= 208.4 
mAh/g and ALF3 10 wt%=152.8 mAh/g. 
ALF3 1 wt% delivered overall improved 
electrochemical performance compared 
to the pristine 
Li1.2Mn0.54Ni0.13Co0.13O2 
coated with Al2O3 and 
LiFePO4 [145] 
Sol-gel 
method 
Cells charged at C/10 between 2.0 and 
4.8 V, LMNC =243 mAh/g, LMNC-LFP 
=267 mAh/g and LMNC-AO =285 mAh/g. 
The coated materials yielded low 
coulombic efficiencies of 63% and 51% 
for LMNC-LFP and LMNC-AO 
respectively while the pristine LMNC had 
71% efficiency. However the coated 
materials delivered stable cycling 
performance. 
Li1.2Mn0.56Ni0.167Co0.07O2 
coated with MnO2 [146] 
Co-
precipitation 
method 
3 wt % MnO2 coated cathode material 
delivered 299 mAh/g initial discharge 
capacity, 88% coulombic efficiency and 
93% capacity retention after 50 cycles. 
Li1.2Mn0.567Ni0.17Co0.066O2 
[147] 
Co-
precipitation 
method 
The cells were cycled at 20 mA/g varying 
voltages from 4.5 to 4.8 V. Discharge 
capacities ranged from125 mAh/g, 250 
mAh/g, 270 mAh/g and 290 mAh/g for 
4.5, 4.6, 4.7 and 4.8 V respectively. 
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Li[Li0.2Mn0.6-Ni0.2]O2 coated 
with MnO2 [148] 
 4 wt% MnO2 coated material showed 
stable cycling performance delivering 210 
mAh/g capacity at 400 mA/g current 
density, three times higher than the 
pristine (77 mAh/g). 
Sn-doped 
Li[Li0.2Mn0.6Ni0.2]O2 [149] 
Solid state 
method 
Cells charged at 5 mA/g initially, pristine 
delivering 222 mAh/g capacity with Sn-
doped delivered 221 mAh/g, making Sn-
doped 76% coulombic efficient while 
pristine is 73% efficient. The doped 
material also shows improved rate-
capability performance.  
LiVO3-coated-
Li1.2Mn0.54Ni0.13Co0.13O2 
[136] 
Combinatio
n of 
precipitation 
and sol-gel 
methods 
5wt% coated material exhibits good 
electrochemical performance, higher 
reversible capacity of 272 mAh/g, 92.6% 
coulombic efficiency and high-rate 
capability of 135 mAh/g at 5 C. 
La2O3-coated 
Li1.2Mn0.54Ni0.13Co0.13O2 
[150] 
Sol-gel 
method 
LMNC-L2.5 exhibited the highest 
discharge capacity of 276 mAh/g in the 
first cycle and high capacity retention of 
71% post 100 cycles. 
Boron doped 
Li1.2Mn0.6Ni0.2O2 [151] 
Solid state 
method 
Li1.2[Mn0.59Ni0.19B0.02]O2  cathode material 
showed improved rate capability and low 
voltage fade compared to the parent 
Li1.2Mn0.6Ni0.2O2. 
 
1.3. Synthesis Methods 
The search for a high performance cathode material remains an objective for many 
researchers, however this phenomenon is also associated with the cost of producing 
cathode materials. There is also evidence that synthesis methods used affect the 
crystal formation, morphology and particle sizes of the cathode materials and 
subsequently the electrochemical performance of the materials [152, 153]. Various 
methods such as hydrothermal, solid-state, combustion, co-precipitation [132] and 
sol-gel method [138] have been employed to produce layered oxide materials. Co-
precipitation and sol-gel synthesis methods are preferred for the preparation of these 
materials because they produce homogeneous and pure phase materials [154]. 
Zheng et al reported that big spherical particles hinder the lithium diffusion during the 
activation of Li2MnO3 at higher c-rates [155]. The following sections discuss the 
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different methods employed in producing layered oxide materials, highlighting some 
of their advantages and disadvantages.  
1.3.1. Solid state synthesis method 
Solid-state synthesis is one of the methods that have been used for preparation of 
many cathode materials for lithium ion batteries such as the spinel cathode 
materials, layered cathodes and olivine materials [156, 157]. Solid-state procedure 
involves mixing, milling, grinding, pelletizing, annealing and quenching. Transitional 
metal precursors range from carbonates, hydroxides and acetates and lithium 
precursor that are usually lithium hydroxide/carbonate [125, 158, 159]. The solid 
state synthesis method is perceived to be a simpler technique which  uses little or no 
water  and is suitable for large scale mass production [160]. However, the method 
has disadvantages such as time consumption due to milling, grinding and pelletizing. 
Also, the materials that are produced lack homogeneity and hence results in broad 
particle size distributions. 
1.3.2. Co-precipitation synthesis method 
Co-precipitation method for layered oxide materials was introduced by Argonne 
National Laboratory to prepare LMR-TM materials via carbonate transition metal 
precursors or hydroxide precursors [118, 161]. The method involved synthesis of 
LMR-TM cathode materials via an intermediate hydroxide or carbonate [162]. This 
co-precipitation method has already been used in the industry and is currently used 
to produce precursors for commercial production of (Li[Ni1/3Co1/3Mn1/3]O2 [163], LMR-
TM cathode oxides and spinel oxides LiNi0.5Mn1.5O4 [103], Li1.05M0.05Mn1.9O4) [164] . 
However this method also involves various extensive washing and drying processes, 
which leads to the final Li[Li0.2Mn0.6Ni0.2]O2. The Mn0.75Ni0.25(OH)2 hydroxide 
precursor or carbonate precursor intermediate has to be characterized using SEM 
and XRD to confirm the formation of the precursor before proceeding to the lithiation 
process to produce final product Li[Li0.2Mn0.6Ni0.2]O2 [162]. The method has also 
been used to produce the spinel, layered and olivine cathode materials [165, 166]. 
This method was also regarded as a more simple synthesis method and produced 
pure phase materials. However, there are disadvantages associated with this 
method such as the difficultly to control overall particle sizes, irregular particle size 
distribution and the time duration of sample preparation. [167].  
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1.3.3. Sol-gel synthesis method 
This method is known for producing high purity phase LMR-TM type materials that 
are  homogeneous [168, 169], nano-sized in particle size and are also energy 
efficient in their production process [154]. However, the process involves long hours 
of aging and drying the pre-cursors and are therefore subsequently time consuming. 
Some of the reagents used such as chelates make the procedure a bit more costly. 
[129]. Wu “et al”. reported on the synthesis of Li1.2Mn0.6Ni0.2O2 using sol-gel method 
and  added an additional quenching step using copper plates [170]. 
1.3.4. Combustion method 
Combustion methods  are also one of the more popular methods used to make the 
lithium-rich layered cathode materials [171, 172]. The method is considered to be  
significantly simpler and less expensive when compared to co-precipitation and 
mostly makes use of nitrates or hydroxides and at least contains one acetate salt 
[173]. However, the method tends to produce a less pure phased material. The 
procedure differs depending on metal salts used; in the case where all precursors 
are acetates then the pH can be adjusted using concentrated nitric acid and mannitol 
as reported by Fu “et al”. [174]. Hong “et al”. suggested that to keep the combustion 
process stable, the molar ratio of acetate to nitrate can be adjusted to 3:1 [171, 174].  
1.3.5. Hydrothermal method 
The method has also been useful in making spinel, layered and olivine cathode 
materials. The cathode materials of different shapes can be produced using this 
method, however there are long reaction times ranging from 7 hours to 7 days  Also 
there are often lengthy and time consuming filtration  and washing steps involved 
[175]. This therefore translates into long synthesis times and being comparatively 
expensive, making this method non-realistic for mass production of cathode 
materials. It is also regarded as a generally difficult method to apply and to optimize 
the correct synthesis parameters.  
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Table 1.3: Summary comparison of synthesis methods 
Synthesis Method Precursors Advantages Disadvantages 
Solid-state Transition 
metals 
acetates  
Lithium 
hydroxide 
Requires a 
precipitant to 
obtain  
homogeneity 
Simpler 
technique 
Uses little or no 
water 
Suitable for 
large scale 
production 
No homogeneity  
Large 
distribution of 
particle sizes 
Time 
consumption 
Co-precipitation Transition 
metals 
acetates/ 
nitrates 
Lithium 
hydroxide/ 
Lithium nitrate 
High phase 
purity particles 
 
Irregular particle 
size distribution 
Time 
consumption of 
sample 
preparation 
Costly 
Sol-gel Metal acetates 
or nitrate salt. 
Chelating 
agent 
High purity  and 
homogeneous 
products 
Time consuming 
(aging and 
drying) 
Costly 
Combustion Atleast one 
acetate salt, 
other 
precursors like 
nitrates or 
hydroxides 
Simpler and less 
expensive 
Pure phase 
materials 
Volatile and 
pose safety 
issues 
 
1.4. Motivation for this study 
M. Thackeray research group at Argonne laboratories in the USA introduced the 
idea of using a two component lithium-manganese rich (LMR) cathode materials 
xLi2MnO3 •(1-x) LiMO2 (M = Ni, Mn, Co)) [130]. The proposed two component 
material can provide discharge capacities >200mAh/g with stable high operating 
potentials 3.5 V vs Li/Li+. These layered-layered materials have become of 
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technological interest as new types of positive electrode materials for advanced 
lithium ion batteries applications. They provide large capacities, low cost and toxicity 
due to the little or no use of expensive cobalt and instead the use of manganese and 
nickel therefore make good candidates [111-113].  
LMR xLi2MnO3 •(1-x) LiMO2 (M = Ni, Mn, Co) materials have several drawbacks such 
as the first cycle capacity loss, capacity fade upon prolonged cycling, poor 
continuous charge and discharge rate capability and high reactivity with the 
electrolyte at the required higher voltage. Another challenge is complexity in the 
material synthesis of the layered materials; therefore the need arises for easier 
routes to be investigated in order to allow for suitable scale-up procedures [176]. 
In light of the aforementioned drawbacks that impede the full use of these cathode 
materials with their potential to be used for advanced lithium ion batteries 
applications, there was a need to investigate ways of improving the synthesis 
process and the respective cell performance of these materials. One possible way 
was to improve the synthesis method was by looking at the use of urea instead of 
the conventionally used co-precipitators. The focus was also on cutting synthesis 
steps as well as using less time and starting materials by looking at one pot 
synthesis which can also improve electrochemical performance of the layered 
materials. This would lead to a less costly synthesis method, that is green and time 
efficient in producing a homogenous material and subsequently result in cells with 
high capacity.  
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Study Aim 
The main aim of this work was to develop high capacity cathode materials with this 
structure xLi2MnO3 •(1-x) LiMn0.5Ni0.5O2 where x= 0.5. Secondly to develop an 
optimized facile co-precipitation synthesis method to produce Li2MnO3-based 
cathode materials with high capacity (>200mAh/g), good rate capability, excellent 
cycle life when charged at high voltages 2.0 V to 4.8V. 
1.5. Objectives 
 Develop a facile co-precipitation method using urea as a precipitator for the 
preparation of Li1.2Mn0.6Ni0.2O2 cathode materials to afford a method that is 
less costly, less time consuming and producing materials possessing high 
capacity (>200mAh/g) at high voltages 2.0 to 4.8V. 
 Study the electrochemical and structural effect of using different urea ratio 
during synthesis of Li1.2Mn0.6Ni0.2O2 cathode materials.  
 Determine the effect of lithium ratio towards electrochemical performance 
especially the coulombic efficiency of Li1+x Mn0.6 Ni0.2O2, x= 0.2, 0.25, 0.3 and 
0.4 cathode material for Lithium ion batteries.  
 Study the effect of sintering temperature towards electrochemical 
performance of Li1.2Mn0.6Ni0.2O2 cathode materials. 
 Study the electrochemical performance of Li1.2Mn0.6Ni0.2O2 cathode material in 
full cells with lithium titanate oxide negative electrode: towards development 
of full lithium ion batteries 
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CHAPTER 2 
This chapter presents all experimental methods and procedures used to produce 
xLi2MnO3 •(1–x) LiMO2 such as Li1.2Mn0.6Ni0.2O2 using various urea ratios, Li1+x Mn0.6 
Ni0.2O2, x= 0.2, 0.25, 0.3 and 0.4 cathode materials, the starting materials used and 
experimental techniques used to characterize all cathode materials produced. The 
coin cells containing the active materials and their respective electrochemical testing 
are also included in this section 
Experimental methods and techniques 
2.1. Materials and Reagents 
All materials and reagents that were used for synthesis of cathode materials, making 
electrode paste and coin cells are listed in Table 2.1.  
Table 2.1.List of materials and reagents used in this work 
Reagents and Materials Specifications  Supplier 
Citric acid (C6H8O7) 99% Merck 
Nitric acid (65%)    - Merck 
Hydrocloric acid   - Merck 
Lithium acetate dehydrate  ≥ 98% Sigma Aldrich 
Lithium hydroxide monohydrate 98% Sigma Aldrich 
Ammonium hydroxide 25% Associated Chemicals  
 
Enterprises (ACE)   
Carbon black   - Orion Chemicals 
Manganese acetate tetrahydrate 99.99% Sigma Aldrich 
Nickel acetate tetrahydrate 99% Sigma Aldrich 
1-Methyl-2-pyrrolidine (NMP) 99.5% Sigma Aldrich 
Lithium hexafluorophosphate (LIPF6) 99.99% Sigma Aldrich 
Ethylene Carbonate (EC) 99% Sigma Aldrich 
Dimethyl Carbonate (DMC) ≥ 99% Sigma Aldrich 
Polyvinylidene Fluoride (PVDF) ≥ 99.5% MTI Corp 
Sodium hydroxide ≥ 99% Sigma Aldrich 
Magnesium sulphate monohydrate ≥ 99% Sigma Aldrich 
Ammonium bicarbonate ≥ 99% Sigma Aldrich 
Ethanol  ≥ 99% Associated Chemicals  
Ammonium sulphate ≥ 99% Sigma Aldrich 
Ammonium bicarbonate ≥ 99% Sigma Aldrich 
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2.2. Synthesis 
2.2.1. Facile co-precipitation synthesis of Li1.2Mn0.6Ni0.2O2 using urea as a co 
precipitator agent 
Figure 2.1 below shows the schematic synthetic route for Li1.2Mn0.6Ni0.2O2 cathode 
material, synthesized via one-pot co-precipitation method. 
 
Figure 2.1. Schematic diagram illustrating the facile co-precipitation synthesis of 
Li1.2Mn0.6Ni0.2O2 
Li1.2Mn0.6Ni0.2O2 cathode materials were synthesized via a facile co-precipitation 
method using a mixture base solution of LiOH and urea with various ratios of urea: 
from 1.0 to 1.8 (compared to LiOH) to control the pH of the reaction solution. The 
stoichiometric ratios of Li:Mn:Ni were fixed for the desired Li1.2Mn0.6Ni0.2O2, while 
urea was varied from 1.0 to 1.8, resulting in four batches of Li1.2Mn0.6Ni0.2O2 namely 
pH 9.0(1.0), pH 9.5 (1.2), pH 10.0 (1.6) and pH 10.5 (1.8) respectively. A typical 
synthesis procedure involved dissolving appropriate stoichiometric amounts of 
manganese  acetate  tetrahydrate  Mn(CH3COO)2.4H2O  and  Nickel  acetate tetrahy
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drate Ni(CH3COO)2.4H2O in distilled water to make up a 0.33 molar solution. In 
another beaker, lithium hydroxide LiOH.H2O and urea CO(NH2)2 were dissolved in 
deionized water making 0.33 molar solution. The solutions in both beakers were 
stirred at 1000 rpm at 70˚C until completely dissolved. The metal ions acetate 
solution was then introduced dropwise to the base solution while stirring at 1000rpm 
at 70˚C and the solution colour changed gradually to dark brown colour as the 
precipitate formed. The formed precipitate was then left stirring at 70˚C and then 
kept on a hot-plate for 10-12hrs at 130˚C to evaporate the distilled water. A fine 
brown/reddish powder was obtained and was subjected to 600°C for 2 hours (5°C 
min-1) in an air flowing furnace to burn off all the acetates/organics. The 2nd heating 
was done at higher temperatures 900˚C to promote the formation of a proper phase 
for the crystalline structure.  
2.2.2. Synthesis of Li1+xMn0.6Ni0.2O2, x= 0.2, 0.25, 0.3 and 0.4 cathode materials 
Li1+x Mn0.6 Ni0.2O2, x= 0.2, 0.25, 0.3 and 0.4 cathode materials were synthesized via a 
facile co-precipitation method using a mixture base solution of urea and various 
ratios of LiOH ranging from 1.2, 1.25, 1.3 and 1.4. This resulted in four batches 
namely; Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2. A 
typical synthesis procedure involved dissolving appropriate stoichiometric amounts 
of manganese acetate tetrahydrate Mn(CH3COO)2.4H2O and Nickel acetate 
tetrahydrate Ni(CH3COO)2.4H2O in distilled water in beaker 1. Lithium hydroxide 
LiOH.H2O and urea CO(NH2)2 were dissolved separately in deionized water making 
in beaker 2. Both solutions in separate beakers were stirred at 1000 rpm at 70 ˚C 
until completely dissolved. Beaker 1 solution was then introduced dropwise to beaker 
2 solution while stirring at 1000 rpm at 70 ˚C and the solution colour changed 
gradually to dark brown colour as the precipitate formed. The formed precipitate was 
left to stir at 70 ˚C and then for another 10 hours to evaporate the distilled water at 
100 ˚C. A fine brown powder was obtained and was subjected to heat treatment at 
600 °C for 2 hours (5 °C/min) in an air flowing furnace to burn off all the 
acetates/organics. The 2nd heating was done at higher temperatures 900 ˚C for 12 
hours to promote the formation of the final proper crystalline phase. 
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Table 2.2. Stoichiometric mass of precursors in grams used in the one-pot synthesis 
Sample LiOH.H2O  Mn(CH3COO)2.4H2O Ni(CH3COO)2.4H2O CO(NH2)2 
Li1.2Mn0.6Ni0.2O2 4.07 12.13 4.105 7.928 
Li1.25Mn0.6Ni0.2O2 4.24 12.13 4.105 7.928 
Li1.3Mn0.6Ni0.2O2 4.41 12.13 4.105 7.928 
Li1.4Mn0.6Ni0.2O2 4.75 12.13 4.105 7.928 
 
2.2.3. Calcination temperature investigation of Li1+xMn0.6Ni0.2O2, x= 0.25, 0.3 and 
0.4 cathode materials. 
Li1+xMn0.6Ni0.2O2, x= 0.25, 0.3 and 0.4 cathode materials were synthesized via a 
facile co-precipitation method as described in above in 2.2.3 except that different 
sintering procedures were employed to produce the final product. The product was 
subjected to heat treatment at 600 C for 2 hours (5 C/min) in an air flowing furnace to 
burn off all the acetates/organics. The 2nd heating was done at 700 ˚C, 800 ˚C and 
900 ˚C temperatures for 12 hours to promote the formation of the final proper 
crystalline phase. 
2.3. Characterization 
2.3.1. X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) patterns for all the cathode materials were recorded by a 
Bruker AXS D8 ADVANCE X-ray Diffractometer with Ni-filtered Cu Kα (λ = 1.5406Å). 
The X-ray tube operating parameters were 40 kV and 40 mA. All materials were in 
powder form and the measurements were taken with 2 Theta (2θ) angle ranging 
from 10 to 70°, with a scanning rate of 0.02/s and a dwell time of 5.0/s. Rietveld 
refinement was achieved by using Topas 5 software, the atomic site occupancy, in 
particular the Ni and Li ion positions allowed for the refinement of the amount of the 
specific element to sit on the specific atomic coordinate. These were allowed to 
refine close to the Li1.2 Mn0.6Ni0.2O2 chemical formula [177]. Li2MnO3 [178] chemical 
formula was also used to refine the XRD patterns of the produced materials, 
because Li1.2 Mn0.6Ni0.2O2 materials has Li2MnO3 composite in their structure. The 
lattice parameter was allowed to be refined and subsequently fixed for further 
analysis. The composition is determined by the semi quantitative Rietveld refinement 
based on the crystal structure.  
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2.3.2. Scanning Electron Microscopy 
Field emission scanning electron microscopy (FESEM) is a morphology technique 
used to survey mainly the size and the shape of particles. FESEM uses high energy 
beam of electrons to image the surface of the particles. High energy electrons 
interact with the surface of the sample and can be absorbed, reflected or excite the 
molecules in the sample and subsequently release a secondary electron. By 
detecting all these three electrons, information such as the surface structure, 
composition, size and shape of the particles of the molecules in the sample can be 
determined. SEM therefore has three major detectors namely: backscattered 
electron detector (reflected electrons), secondary electron detector (for secondary 
electrons) and x-ray detector (absorbed electrons). There are two types of emitters 
namely: thermionic emitter (scanning electron microscope) and field emitter (field 
emission scanning electron microscope. In this study a ZEISS ULTRA SS (Germany) 
field emission scanning electron microscope (FESEM) equipped with a secondary 
detector was used for the morphological analysis of the obtained powders. The 
carbon tape was placed on a sample holder and the cathode materials powders 
were placed on the carbon tape and coated. 
2.3.3. Electron Dispersion X-Ray Spectroscopy (EDS) 
Energy dispersive X-ray spectroscopy (EDS) technique offers qualitative analysis of 
the elemental composition of the materials. The technique is attached to the SEM, 
uses the image generated from SEM to allow for elemental information of the 
specimen under investigation to be generated. However the technique only has 
sensitivity for elements heavier than carbon. EDS spectra was done on three 
different areas in the sample to obtain mapping and spectra. In this study a ZEISS 
ULTRA SS (Germany) field emission scanning electron microscope (FESEM) 
equipped with energy dispersive x-ray detector was used for the qualitative 
elemental analysis of the obtained powders. 
2.3.4. Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) similar to SEM is a morphology technique 
used to quantify sample structure, composition, size and the shape. TEM uses high 
energy beam and high speed electrons to image the internal structure of particles. 
Unlike SEM, electrons used in TEM pass/ transmit through the sample, has high 
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resolution and therefore can achieve atomic visualization. The sample is suspended 
on a copper grid as an ultrathin section [179]. In this study to study the structure 
cathode materials particles bright field TEM (JEOL JEM-2010F) was used. 
2.3.5. Brunauer–Emmett–Teller (BET) Surface Area 
The name BET was derived from the names of the three developers of the surface 
area method, namely; S. Brunauer, P. H. Emmet and E. Teller. BET is an analytical 
technique that gives information on the surface area of a sample. BET works on the 
physical adsorption of gas molecules on a surface of the sample. The amount of gas 
adsorbed by the sample at a given pressure is used to determine the surface area. 
The instrument uses inactive/inert gases that do not react when in contact with the 
sample to measure specific surface area. Generally, gases such as argon, krypton, 
carbon dioxide or Nitrogen are used as gaseous adsorbate. Nitrogen (N2) is a 
common gaseous adsorbate for BET techniques and due to that the analysis is 
normally conducted at low temperatures -196.15 °C [180]. BET analysis involves 
sample heating and degassing under vacuum to remove foreign adsorbed 
molecules. Inert gas is then purged into the sample which is adsorbed, withdrawn 
and desorbed. To generate adsorption isotherms, the sample is then put under 
vacuum at low temperatures and subjected to various pressures. Gas molecules are 
then adsorbed or desorbed based on pressure variations. The area occupied by the 
adsorbate is then used to calculate the surface area of the sample. Surface area 
studies of the produced materials were determined using nitrogen physisorption 
incorporating the Brunauer-Emmett-Teller (BET) method. The measurements were 
recorded using a micrometric ASAT 2020 instrument physisorption analyser. The 
samples were pre-treated where 0.5 g of material was dried at 150 ˚C under vacuum 
for 3 hours prior to BET analysis. Nitrogen gas was used as the probe gas for the 
analysis. 
2.3.6. Inductive coupled plasma mass spectroscopy (ICP-MS) 
Elemental analysis of the xLi1.2MnO3 •(1-x) LiMn0.5Ni0.5O2 cathode materials 
produced in this work were obtained using ICP-MS analytical tool. The technique is 
used to detect elemental concentrations in the samples and the concentration is 
measured in parts per billion (ppb). The tool is spectroscopic and employs 
inductively coupled plasma to excite ions and atoms of the sample. This excitement 
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phenomenon emits radiation at wavelengths characteristic to the respective element 
[181].  Thermo scientific iCAPQ inductively coupled plasma mass spectrometry (ICP-
MS) was used to analyse the Mn and Ni atomic percentage. The powders were 
digested in aqua-regia and diluted in distilled water and further diluted 1000X before 
analysis. The ICP multi element standard solution 1 was used for calibration 
purposes, the standard was prepared in 5 folds namely: 20, 40, 60, 80 and 100 part 
per billion (ppb) in 3% nitric acid. 
2.3.7. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is an analytical technique used to measure 
materials properties such as purity, decompositions reactions, decomposition 
temperatures, composition of the material and adsorbed moisture. This technique 
measures the material’s change in mass as a function of temperature. The TGA is 
equipped with a furnace to heat the sample and a sensitive weighing balance and 
measures the mass loss of a sample as it heated. In order to do a full thermal 
analysis of the cathode materials, Li1.2Mn0.6Ni0.2O2 were synthesized as described 
previously in section 2.2.1 and dried at 100˚C in a vacuum oven for 4 hours to 
prepare for TGA analysis prior to calcination. Measurements were performed in air 
from room temperature to 1000˚C at a 10˚C/min rate and results were represented 
as % mass loss vs increasing temperature. The thermal decomposition of the 
cathode materials synthesized in this study were tested using Metter Toledo 
TGA/SDTA851 TGA instrument.  
2.3.8. X-ray photo-electron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a non-destructive, surface-sensitive and 
quantitative technique used. XPS is used to analyze the structure of the atoms and 
get electronic and ionization information. This technique is based on the 
photoelectric effect which was described and developed by Albert Einstein in 1965. 
The X-ray beam is sent to irradiate the sample and the number of electrons ejected 
together with the kinetic energy is quantified. The technique is a surface-sensitive 
tool and measures elemental concentrations in parts per thousands (ppt), element-
ionic state and empirical formulae of the elements forming the sample [182].  The 
nature of chemical bonds which exists between elements can also be quantified. The 
technique can identify all elements with atomic number above 3. XPS was used to 
analyze the elemental composition of the as-prepared cathode materials as well as 
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determine the oxidation states of Mn and Ni as well as their population in the 
structure. The photoelectron spectra was collected with a Kratos Axis Supra DLD 
spectrometer using Al Kα radiation (1486.6 eV). Data analysis was performed using 
the XPS Peak 4.1 program and Shirley function was used to subtract the 
background. 
2.4. Cathode material preparation 
The cathode electrodes were prepared by mixing active material, carbon black (to 
increase the conductivity of the cathode material) and polyvinylidene fluoride (as a 
binder) in the mass ratio 80:10:10 respectively, N-Methylpyrrolidone NMP was used 
as a solvent. The cathode material and carbon black were mixed together by 
grinding using pestle and mortar to make a fine powder. PVDF dissolved in NMP 
solution was then added to the fine powder to make cathode slurry. The resulting 
slurry was cast on a foil as a current collector (as shown in figure 2.3 a) and dried at 
110˚C under vacuum. The coated Al foil was then put through a roller press to 
increase the contact between the Al and cathode material. The cathode electrodes 
were then punched into half inch diameter discs using the electrode cutter to fit into 
CR 2032-type coin cells. The electrodes were weighed, weight of the cathode discs 
ranges between 0.0111 and 0.0240 grams.  
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2.5. Coin cell assembly 
Diagram below figure 2.2 illustrates cell components used in coin cell fabrication 
 
Figure 2.2. Coin cell components 
The coin cell components were placed in an argon filled glove box (figure 2.3b) 
where the coin cells were assembled. To prepare half cells, lithium metal was used 
as an anode and LiFP6 electrolyte (1 M LiPF6 in ethylene carbonate and dimethyl 
carbonate, 1:1 volume ratio) was used to prepare the coin cells. A polypropylene film 
was used as a separator. Coin cells were assembled as shown in figure 2.2 above. 
Firstly the anode cap, then a spring, a spacer, lithium metal, separator, electrolyte, 
cathode disc and the cell was closed using the cathode cap. The combined 
components were pressed into coin cells using a compact hydraulic crimping 
machine (MSK-110, MTI, USA) at 1000 psi pressure. The coin cells were left for 24 
hours to allow for electrolyte diffusion into porous cathode material and for 
stabilization prior to electrochemical testing. To prepare full cells, Li4Ti5O12 (LTO) 
anode material was utilized instead of lithium metal, the LTO was synthesized and 
characterized by a colleague at the CSIR. The order used to assemble the full cell is 
similar to the half-cell except that two spacers were used in this case to stabilize the 
contents of the cell. The anode electrode was prepared the same way as the 
cathode electrolyte, copper foil was used as a collector for an anode. Two loadings 
for anode were used 6.5 mg/cm2 and 3.6 mg/cm2 which will be labelled LTO-A and 
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LTO-B respectively. The active material loading was 2.4 mg/cm2 for positive 
electrode.  
Figure 2.3 below shows the equipment used to make the cathode material electrode, 
the glove box where coin cells were assembled and lastly the maccor battery tester. 
 
Figure 2.3. Equipment used for coin cell fabrication and electrochemical testing 
2.6. Electrochemical testing 
The assembled cells were electrochemically tested (cyclability, capacity and rate 
capability) using Maccor Arbin BT2000 battery testing system at room temperature 
as shown in figure 2.3c and a MITS Pro Arbin software.  
The coin cells were used to evaluate the electrochemical performance of the cathode 
materials; cells were galvanostatically charged and discharged at room temperature 
within the voltage range of 2.0 to 4.8V. Initial cycles were done at 20 mA/g current 
densities for 10 cycles between 2.0 and 4.8V. Rate capability studies were done at 
20 mA/g, 50 mA/g, 100 mA/g, 200 mA/g, 400 mAh/g, 600 mA/g, 800 mA/g and 1000 
mA/g all at 2.0 to 4.8V. Cycling performance were done at 50 mA/g current densities 
between 2.0 and 4.8V for 50 cycles. In order to determine the redox reactions in the 
cells, MIMS Maccor program was employed and differential capacity (mAh-V) 
voltage template was chosen using data charged at 20 mA/g current density. The 
differential capacity (mAh/V) versus voltage is equivalent to the cyclic voltammetry 
as previously reported by various researchers [144, 183].  
Impedance analysis was achieved by using Biologic Science Instrument VMPS, 
coupled with the EC-Lab Express software. The measurements were taken between 
10 MHz and 100 KHz with perturbation amplitude of the ac signal of 3 mV. The 
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impedance was measured on cells before and after cycling. EIS spectra (Nyquist 
plot) were fitted satisfactorily to obtain EIS parameters for the cathode materials 
using the equivalent electrical circuit (EEC) model as shown in figure 2.4 below.  
 
Figure 2.4. Electrical Equivalent Circuit (EEC) used to fit the EIS data 
The Rs in the circuit refers to the solution ohmic resistance of the electrode system, 
RSEI is the solid electrolyte interface resistance, Rct is the resistance due to charge 
transfer due to the Li+ ion transportation between the electrodes. CPE is the constant 
phase element of the surface film and Cdl the interfacial capacitance, and ZW the 
Warburg element which describes solid state diffusion of lithium inside active 
materials and it is therefore signified by the straight sloping line at approximately 
45˚observed in the low frequency region.  
The two randles circuit EEC model predicts that the Nyquist plot resulting will have 
two semicircles, one in the high frequency range and another in the high frequency 
range. The semicircle observed in the high frequency is mainly due to RSEI-solid 
electrolyte interface resistance while the semicircle in the low frequency is due to Rct-
charge-transfer resistance [184].  
Lithium diffusion co-efficient determination  
Lithium diffusion coefficient (DLi) of a battery is usually calculated or determined by 
the slowest step. Lithium moves slower in the cathode material than in the electrolyte 
and the anode (lithium metal). Therefore determination of lithium diffusion in a 
cathode can give an indication of how fast lithium transportation of a battery/cell is.  
Lithium diffusion properties were determined using the EIS Warburg parameter after 
20 cycles and 50 cycles for cathode materials using the established equation below 
[185]. 
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where DLi stands for diffusion coefficient of lithium ions, R the gas constant, T the 
absolute temperature, A the area of the cathode disc, F the Faraday constant, n the 
number of electrons transferred per molecule during oxidation and CLi is 
concentration of lithium in the cathode material. 
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CHAPTER 3 
This chapter is divided into four sub-chapters namely; chapter 3.1, chapter 3.2, 
chapter 3.3 and chapter 3.4.  
RESULTS AND DISCUSSION 
 
CHAPTER 3.1. 
High-performance Li1.2Mn0.6Ni0.2O2 cathode materials for lithium ion batteries 
prepared by a facile co-precipitation process 
This chapter presents the physical and electrochemical evaluation of 
Li1.2Mn0.6Ni0.2O2 cathode materials synthesized using one-pot co-precipitation 
method reported here for the first time and the effect of employing various ratios of 
urea that gave a pH of 1.0=pH 9.0, 1.2=pH 9.5, 1.6= pH 10.0 and 1.8= pH 10.5) 
respectively. This chapter highlights the advantages of employing a one-pot co-
precipitation synthesis method to make the final LMR-TM phase using shorter 
preparation times and yet delivering promising battery performance. The results 
obtained are also compared to results reported from literature to further prove the 
excellent electrochemical performance of the materials produced using the one-pot 
method. Cathode powders were synthesized as outlined in chapter 2, section 2.2.1. 
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3.1.1. Structure and morphology characterization 
Thermal decomposition analysis of the precursor material of Li1.2Mn0.6Ni0.2O2 
prepared at pH 9.0 and pH 10.0 tracking the phase decomposition of the materials 
over temperature stages is shown below in figure 3.1.1.  
 
Figure 3.1.1. Thermogravimetric analysis of the Li1.2Mn0.6Ni0.2O2 precursor at pH 9.0, 
10.0. 
TGA-was performed to investigate the thermal decomposition process of the as-
synthesized cathode materials pre-calcination stage and also to identify the sintering 
temperature for the materials. Figure 3.1.1 above depicts that the precursor 
materials underwent a continuous weight loss until 525°C temperature was reached 
with 48 wt% and 55 wt % remaining for pH 9.0 and 10.0 respectively. The difference 
in the weight percentage between the two materials is due to the varying urea weight 
used in controlling the pH, this makes pH 10.0 material decompose slower than pH 
9.0 material. Three decomposition peaks are observed in the range 140-220˚C, 220-
310˚C and 310-525˚C, both pH 9.0 and 10.0 showed a moisture loss of about 5% 
before 100˚C. The first decomposition peak between 140˚C and 240˚C is attributed 
to the first stage urea decomposition attributed to (NH2)2CO denoted as (i) in 
equation 3.1. 
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  (Eq. 3-1) [186] 
The second decomposition segment at 220˚C to 310˚C is the second stage urea 
decomposition, denoted (ii) in the equation. The last decomposition for the precursor 
occurs between 310˚C and 525˚C which is attributed to (iii) in the equation and also 
to the beginning of organics decomposition used in the material preparation such as 
the acetates which have converted to carbonates at this stage after vigorous heating. 
Both starting materials decompose/burn off all impurities until 525˚C and the 
remaining inorganic residuals remain stable until 1000˚C heating leaving the 
calcinated crystalline inorganic Li1.2Mn0.6Ni0.2O2 cathode powder behind. These 
results suggest that the decomposition of the starting materials were complete above 
525˚C and that the calcination to the final product occurred up to 1000˚C. 
Surface morphologies of the prepared materials were characterized by FESEM and 
the results are shown in figure 3.1.2 (a-d) below. 
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Figure 3.1.2. SEM images of Li1.2Mn0.6Ni0.2O2, (a) pH 9.0, (b) pH 9.5, (c) pH10.0 and 
(d) pH 10.5 respectively. 
Particles are highly agglomerated and assume a spherical shape. Particles pH 10.0 
appears slightly less agglomerated compared to its counterparts. Three 
measurements were done per sample for BET, the averages and standard 
deviations are reported here as 2.06±0.36 m2/g, 1.80±0.26 m2/g, 2.12±0.20 m2/g and 
1.70±0.26 m2/g for pH 9.0, 9.5, 10.0 and 10.5 respectively. BET results shows that 
pH 10.0 sample has slightly larger surface area compared to its counterparts within 
the repeated experimental error and the standard deviations are quite insignificant. 
Qualitative analysis of the transition metals composition of the cathode material at 
pH 10.0 carried out using electron diffraction spectroscopy (EDS), below in figure 
3.1.3 are the results from EDS mapping of the cathode material powder. The results 
are similar for the other three materials and the Mn/Ni ratios are shown in table 3.1.1 
below. 
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Figure 3.1.3. EDS elemental mapping for pH 10.0 material(a) reference area of 
analysis, (b) Ni mapping, (c) Mn mapping and  (d) Ni and Mn elemental mapping 
overlay. 
EDS measured the relative percentage weight of the elements present in the sample 
with the ability to obtain an elemental mapping (figure 3.1.3) that shows that the two 
transitional metals nickel and manganese are evenly distributed throughout this 
particular sample.This therefore suggests that the synthesis method produces good 
distribution of Mn and Ni metals in the cathode materials. 
Based on the relative energy intensities of observed elements in the EDS spectra, 
one can determine the Mn and Ni in the pH 9.5 and pH 10.0 Li1.2Mn0.6Ni0.2O2 
samples as expected, however due to the limitation of EDS towards low mass, 
lithium could not be accurately determined. The results in table 3.1.1 showed that Mn 
to Ni elemental ratio in the samples prepared were in reasonable agreement with the 
desired ratio of 3 to 1. Furthermore, the respective metal ratios in each sample were 
investigated by ICP-MS and pH 10.0 had the closest composition to the theoretical 
as shown in Table 3.1.2 comparing to their theoretical compositions. Three materials 
 
 
51 
 
pH 9.0, 9.5 and 10.0 had the 3:1 elemental ratio while pH 10.5 had 2.89: 1 elemental 
ratio between Mn and Ni. 
Table 3.1.1 EDS results showing Mn and Ni atomic percentages and the Mn:Ni ratio 
in each sample of  Li1.2Mn0.6Ni0.2O2. The desired ratio Mn:Ni = 3:1 
Sample name Manganese (at.%) Nickel (at.%) Mn:Ni Ratio 
pH 9.0 26.35 8.94 2.95:1 
pH 9.5 14.59 4.99 2.93:1 
pH 10.0 16.83 5.55 3.03:1 
pH 10.5 44.69 15.68 2.85:1 
 
Table 3.1.2 ICP_MS results for Li1.2Mn0.6Ni0.2O2 at pH 9.0, 9.5, 10.0 and 10.5 
Sample name Lithium Manganese  Nickel  Mn:Ni Ratio 
pH 9.0 1.23 0.58 0.19 3.05:1 
pH 9.5 1.24 0.57 0.19 3:1 
pH 10.0 1.22 0.59 0.19 3.1:1 
pH 10.5 1.26 0.55 0.19 2.89:1 
 
The XRD patterns obtained from analysing the Li1.2Mn0.6Ni0.2O2 cathode materials 
are shown below in figure 3.1.4 
c 
c 
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Figure 3.1.4.a XRD reflection patterns overlay of Li1.2Mn0.6Ni0.2O2. 
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Figure 3.1.4.b XRD refined patterns of Li1.2Mn0.6Ni0.2O2 materials.  
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Figure 3.1.4 (a and b) shows the various XRD patterns of the layered 
Li1.2Mn0.6Ni0.2O2 oxides prepared at various pH values by a facile one pot co-
precipitation method. Despite the use of different ratios of urea during synthesis, the 
XRD patterns for Li1.2Mn0.6Ni0.2O2 oxides are all similar and corresponds to the 
reported patterns in literature [187-189]. All four materials are made up of two 
phases in varying compositions as pH increases. The refined results shows that the 
reflection patterns observed are mainly that of Li1.2Mn0.6Ni0.2O2 as a primary phase 
and Li2MnO3 phase as a secondary phase. The reflection peaks unique to the 
monoclinic crystal system the Li2MnO3 phase are observed between 20˚ and 25˚, as 
highlighted by a dotted rectangle in figure 3.1.4.a [190, 191]. Based on these refined 
results the materials are therefore characterized as the combination of two phases. 
Table 3.1.3 below shows the phase compositions of the materials and their rietveld 
refined lattice parameters. The Li1.2Mn0.6Ni0.2O2 at pH 9.0, pH 9.5 and pH 10.0 
consists of about 35% Li2MnO3 phase as a secondary phase whereas pH 10.5 has 
less Li2MnO3 phase (32.05%). Cell parameters calculated using Rietveld refinements 
were found to be all the same for the Li2MnO3 phase and slightly different for the 
Li1.2Mn0.6Ni0.2O2 phase as reported in table 3.1.3 from both crystal structures. The 
lattice parameters obtained for the Li1.2Mn0.6Ni0.2O2 phase are similar to those 
reported for LiMn0.5Ni0.5O2 crystal phase [192] and those for the Li2MnO3 phase are 
also the same to those reported in literature [193]. The XRD results proves that the 
Li1.2Mn0.6Ni0.2O2 oxides were successfully synthesized and indexed between two 
phases as expected. 
Table 3.1.3. Rietveld refinement results of Li1.2Mn0.6Ni0.2O2 materials 
Sample a (Å) 
Li2MnO3 
c (Å) 
Li2MnO3 
a (Å) 
Li1.2Mn0.6Ni0.2O2 
c (Å) 
Li1.2Mn0.6Ni0.2O2 
Rwp 
% 
Crystal composition 
pH 9.0 2.85 14.23 4.97 5.00 3.12 
Li1.2Mn0.6Ni0.2O2,64.07% 
 Li2MnO3 35.93% 
pH 9.5 2.85 14.23 4.94 5.02 3.35 
Li1.2Mn0.6Ni0.2O2,64.86% 
 Li2MnO3 35.14% 
pH 10.0 2.85 14.23 4.95 5.03 3.23 
Li1.2Mn0.6Ni0.2O2,65.46% 
 Li2MnO3 35.54% 
pH 10.5 2.85 14.23 4.94 5.03 3.49 
Li1.2Mn0.6Ni0.2O2 67.95% 
 Li2MnO3 32.05% 
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HRTEM was used to analyse the morphology, crystal structure and atomic 
visualization of the Li1.2Mn0.6Ni0.2O2 cathode materials and the results are shown in 
figure 3.1.5. 
 
Figure 3.1.5. HRTEM morphology imaging of the (a) as-prepared pH 10.0, (b)  focus 
area for FFTs, (c) FFTs with d-spacing from the surface of the as-prepared pH 10.0, 
(d) hexagonal particle image of the as-prepared pH 10.0 material, (e) FFT and (f) the 
diffraction pattern. 
TEM provided complementary results in terms of the morphology of the particles, the 
particles assume a spherical shape and are agglomerated (figure 3.1.5 a) and these 
are similar to the SEM results. However TEM also showed that some of the particles 
within the sample were hexagonal, making the materials a mixture of spherical and 
hexagonal particles. A selected area diffraction (SAED) pattern from the surface 
regions of Li1.2Mn0.6Ni0.2O2 is  presented in figure 3.1.5.f and shows a clear 
hexagonal diffraction pattern. This diffraction pattern is reported in literature for both 
layered Li1.2Mn0.6Ni0.2O2 and LiMn0.5Ni0.5O2  structures. This pattern observed here 
therefore proves the formation of the layered Li1.2Mn0.6Ni0.2O2 material [193-195]. 
Figure 3.1.5.c and e show high-contrast lattice fringes, figure 3.1.6.e show 
multidirectional fringes with 4.7 Å d-spacing as measured from the lattice finges. The 
measured d-spacing corresponds to the close-packed planes of the composite 
f 
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structure, indicating good structural integration between Li2MnO3 and LiMn0.5Ni0.5O2 
components at atomic level as postulated by Thackeray and co-workers. The d-
spacing for this composite also corresponds to the reported 4.7 Å by Thackeray and 
co-workers [130] and also Wu and his co-workers reported the same [172, 196, 197].  
3.1.2. Electrochemical measurements 
To determine the capacity potential of the as synthesized materials as possible 
energy storage cathode materials in lithium ion cells, their performances in coin cells 
were evaluated. Figure 3.1.6 below summarizes the first and second charge-
discharge profiles for the as synthesized Li1.2Mn0.6Ni0.2O2 at 20 mA/g current density 
between 2.0 V and 4.8 V respectively.  
 
Figure 3.1.6. First and second charge/discharge voltage profiles of Li1.2Mn0.6Ni0.2O2, 
materials between 2.0 V – 4.8 V at 20 mA/g.  
Fig. 3.1.6 summarizes the first and second charge/discharge profiles for the as 
synthesized Li1.2Mn0.6Ni0.2O2 at 20 mA/g current density between 2.0 V and 4.8 V 
respectively. All cathode materials showed good stability at high potentials of 4.8 V. 
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These materials show high discharge capacities at potentials >4.5 V at 20 mA/g. The 
initial charge and discharge for pH 10.0 is 373 mAh/g and 266 mAh/g respectively, 
making this cathode material 71% coulombic efficient. However, coulombic 
efficiencies for the other materials were 65% on average. Upon the first discharge 
cycle, all cathode materials suffered capacity loss as expected for Li2MnO3 based 
composites and this observation is similar to the results reported by other groups 
studying these types of composite materials [198]. The large capacity loss during the 
first cycle was reported to be associated with the complete loss of Li2O during 
activation of Li2MnO3 component [199]. All cells discharge curves exhibit a sloping 
voltage profile below 4.4 V, followed by a relatively long plateau around 4.5 V during 
the first charge process. The sloping voltage profile can be attributed to the oxidation 
of Ni2+ to Ni4+ ions in the LiMn0.5Ni0.5O2 component and the 4.5 V plateau voltage 
profile rises from the simultaneous irreversible removal of Li+ ions and oxygen (Li2O) 
[112, 199]. The capacity delivered by LiMn0.5Ni0.5O2 component was just above 
150 mAh/g for all four cathode materials, this value is similar to the previously 
reported value for LiMn0.5Ni0.5O2 cathode material [200]. The long plateau observed 
relates to the activation of Li2MnO3 component converting the material into an 
electrochemically active material. The process is irreversible as the plateau is absent 
in the second cycle. The capacity delivered by Li2MnO3 component as highlighted by 
the dotted lines was 110 mAh /g, 125 mAh /g, 173 mAh /g and 180 mAh /g for pH 
9.0, pH 10.5, pH 9.5 and pH 10.0 respectively. The charge capacity due to Li2MnO3 
is very low compared to its theoretical capacity of 460 mAh/g, for pH 10.0 only 39% 
theoretical capacity of Li2MnO3 component was accounted [201]. All the cells 
produced overall discharge capacities more than 200 mAh/g at 20 mA/g current 
densities with pH 10.0 (Fig 3.1.6.c) producing the most discharge capacity of 270 
mAh/g. 
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Table 3.1.4. Comparison of coulombic efficiency and capacity retention over 50 
cycles 
Sample name           Coulombic efficiency Capacity retention 
LMN (this work) 71% 93% 
LMN (Cheng et al [162] 74% -  
LMN (blending)[202] 78% 98% 
LMN (mechanical balling)[202]  - 84% 
LMN (Li et al [203] 59%  - 
 
The redox processes that take place during charge/ discharge are highlighted by the 
differential capacity versus voltage plots for the first and second cycle of the 
prepared cathode materials are shown below in figure 3.1.7.  
 
Figure 3.1.7. Differential capacity profiles for the first (black) and second (red) 
charge-discharge cycles of the Li1.2Mn0.6Ni0.2O2 material at (a) pH 9.0, (b) 9.5, (c) 
10.0 and (d) 10.5 respectively, charged between 2.0 V and 4.8 V at 20 mA/g. 
The first cycle consists of two main anodic peaks and corresponding two main 
cathodic peaks observed for all four cathode materials. During the first charge, the 
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first prominent doublet anodic peak between 3.8 V and 4.2 V is observed for pH 9.0 
and pH 9.5, however the doublet becomes slightly resolved into one peak as pH 
increases to pH 10.0 and 10.5. The first peak is reported to be associated with the 
oxidation of Ni2+ to Ni4+ and simultaneous extraction of lithium which also 
corresponds to the sloping voltage ≤ 4.4 V observed in figure 3.1.6 profiling first 
charge/discharge of the cathode materials [204]. The second large peak at around 
4.6 V (observed for all four samples) can be attributed to the activation of Li2MnO3 
component of the composite material by the irreversible removal of Li+ and O (Li2O) 
which corresponds to the plateaus seen in figure 3.1.6 for all cathode materials 
prepared respectively. During the second charge step, only one anodic peak for all 
cathode materials was observed at 3.8 V, the peak that was observed at around 
4.6 V during the first charge completely disappeared, confirming that the first cycle 
charge capacity is irreversible [129]. During the second charge the anodic peak at 
3.8 V for materials pH 9.5 and 10.0 retained its position, while for pH 9.0 and 10.5 
the peak at 3.8 V shifted to 3.65 V and 3.75 V respectively. The results suggests that 
the material’s structure and/or their electrode/electrolyte interface modifications are 
negligible for the samples made at pH 9.5 and 10.0 since the main anodic peak did 
not shift significantly. On discharging the cells, the peak at about 3.8 V due to Ni4+ 
reduction to Ni2+  and at 3.25 V observed for all four materials is attributed to the 
Mn4+ reduction to Mn2+ [205, 206]. The Mn4+ reduction peak is more prominent than 
the Ni4+, this observation suggest that on discharging these material the capacity is 
mainly due to Mn. It is also important to note that the materials produced in this 
section are stable towards layered-to-spinel phase transformation, this is confirmed 
by the absence of the peak at 2.8 V which has been reported to symbolize the 
formation of spinel phase [207]. This observation is consistent throughout all four 
materials. 
The Electrochemical Impedance Spectroscopy (EIS) of the cells with the cathode 
materials made at different pH was used to give some insight into the internal 
electrochemistry processes and reaction kinetics of the lithium ion diffusion through 
the active materials [208]. The semicircle observed in the high frequency region is 
due to the solid-electrolyte interface (SEI) and charge transfer resistance. The low-
frequency tail, also known as the Warburg factor gives information on the Li+ ion 
diffusion process for positive electrode [184]. Figure 3.1.8 a-d represents Nyquist 
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plots obtained for the cells. The impedance of the as-prepared cathode materials 
measured at two points, before cycling (black) and after 20 cycles (red) between 
2.0 V- 4.8 V is expressed as Nyquist plots as shown in figure 3.1.8. Before charging 
the ions from both electrodes accumulates in the interface because there is no 
enough energy to move ions to either the cathode or the anode and release 
electrons and this may cause SEI resistance. The assumption therefore is that 
before charging the semicircle observed in the high frequency is mainly due to Rct, 
charge transfer resistance [184].  
 
Figure 3.1.8. Nyquist plots of the impedance of the of Li1.2Mn0.6Ni0.2O2 material at (a) 
pH 9.0, (b) 9.5 (c) 10.0, (d) 10.5 before charging and after 20 cycles. 
The results of the equivalent circuit model are summarized in Table 3.1.5.  
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Table 3.1.5. EIS parameters for the Li1.2Mn0.6Ni0.2O2 materials fitted using 
R1+C2/R2+C3/R3+W4 (can also be represented as Rs+CPE/RSEI+Cdl/Rct+ZW) 
equivalent electrical circuit model. 
Sample name Rs (Ω) RSEI (Ω) C/CPEf Cdl Rct (Ω) ZW (ohm.s-1/2) 
Before cycling 
pH 9.0 
7.38 
±0.38 
188.70 
±3.00 
6.43×10-6 
±0.28×10-6 
1.12×10-6 
±62.77×10-9 
58.95 
±2.96 
146.80 
±0.067 
pH 9.5 
28.16 
±0.32 
133.60 
±2.50 
8.24×10-3 
±0.20×10-3 
2.48×10-6 
±33.03×10-9 
137.10 
±0.54 
137.10 
±0.54 
pH 10.0 
5.62 
±0.22 
14.73 
±3.12 
1.68×10-6 
±0.38×10-6 
2.26×10-6 
±0.10×10-6 
192.20 
±3.19 
122.0 
±0.06 
pH 10.5 
9.85 
±0.38 
237.90 
±2.20 
8.35×10-6 
±0.24×10-6 
1.22×10-6 
±61.41×10-9 
63.26 
±2.18 
124.20 
±0.07 
After 20 cycles 
pH 9.0 
10.15 
±0.26 
14.62±
1.67 
1.65×10-6 
±0.35×10-6 
2.28×10-6 
±33.48×10-9 
383.00 
±1.73 
181.20 
±0.06 
pH 9.5 
45.85 
± 0.32 
123.20 
±1.48 
1.97×10-6 ± 
7.64×10-9 
2.05×10-6 
±0.21×10-6 
418.10 
±2.68 
 
207.30 ± 0.06 
pH 10.0 
6.99 
±0.61 
11.36 
±1.40 
0.93×10-6 
±0.16×10-6 
2.39×10-6 
±59.97×10-9 
201.80 
±1.48 
117.30 
±0.05 
pH 10.5 
23.64 
±0.36 
311.10 
±6.61 
6.92×10-6 
±0.30×10-6 
3.92×10-6 
±0.22×10-6 
54.58 
±6.60 
95.47 
±0.08 
 
The fitted data is represented on table 3.1.5 has standard deviations attained from 
the goodness of fit from the specified model. All the standard deviations are within 
acceptable ranges and do not change the actual numbers significantly, e.g. Rs 
(7.38 ± 0.38= 7.76 Ω or 7.01 Ω).  One semicircle was observed for all four cells 
before and after cycling. The fitted data showed that before cycling resistance is due 
to a combination of Rct and RSEI although RSEI was more pronounced for pH 9.0, 9.5 
and 10.5. However for pH 10.0 a different observation resulted and instead the 
values show that major resistance was due to charge transfer before cycling. The 
cell at pH 10.0 had low RSEI resistance meaning that SEI had not yet formed. The 
Nyquist plot shows that there was no change in the pH 10.0 semicircle before and 
after charging and the fitted data also supports the observation. The total value of 
RSEI and Rct for pH 10.0 before and after cycling was ± 206 Ω and 212 Ω. The RSEI 
decreased to 11.36 ± 1.40 and Rct value increased to 201.80±1.48. This observation 
means that pH 10.0 cathode material is highly conductive and stable towards SEI 
formation [209]. The electrochemical results in figure 3.1.6 and 3.18 are in 
agreement with this observation as the material delivered higher capacity compared 
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to other materials. Resistance due to formation of SEI increased for pH 10.5 after 20 
cycles from 237.90 ± 2.20 to 311.10 ± 6.61 this explains the lowest capacity 
retention during cycling performance tests for this particular cathode material. These 
results suggest that LMR-TM cathode materials possess internal resistance before 
charge in the form of charge transfer resistance and SEI resistance since as per 
fitted data.  
 
Figure 3.1.9. Performances of Li1.2Mn0.6Ni0.2O2 material at pH 9.0, 9.5, 10.0 and 10.5 
and discharged at 20 mA/g, 50 mA/g and 100 mA/g in the voltage range 2.0 V to 
4.8 V and further cycling performance cycled at 50 mA/g. 
Li1.2Mn0.6Ni0.2O2 cathode materials were capacity cycled at different current densities 
beginning with 20 mA/g, 50 mA/g and 100 mA/g for 10 cycles per current density 
followed by another 10 cycles at 20 mA/g respectively. This followed by a 50 cycle 
test at 50 mA/g. All capacity cycle tests were done between 2.0 V and 4.8 V voltage 
limits resulting in a total of 90 cycles. The results showed that the cells made with the 
various cathode materials achieved an initial capacity of more than 220 mAh/g. The 
cells also showed good capacity retention properties with about 95% capacity 
recovery when cycled at the initial current density 20 mA/g after 30 cycles. The 
results showed that capacity decreased steadily with increasing current densities. 
Materials made at pH 9.5 and pH 10.0 further delivered more than 200 mAh/g 
capacity when discharged at 100 mA/g current density and generally all cathode 
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materials delivered stable capacity even at higher current densities. The cathode 
material at pH 10.0 delivered the best rate capability performance, with capacities 
>220 mAh/g at all current densities presented in figure 3.1.9. These results further 
prove that there is little to non-electrode/electrolyte interface modifications, as the 
cathode materials displayed stable cycling performances. 
The cells were capacity cycled further at 50 mA/g current density between 2.0 V and 
4.8 V for 50 more cycles to study the cycling performance/stability of the cathode 
materials. It is evident that all the cells gave the steady discharge capacity from the 
41st cycle to the 90th cycle. All the materials show good capacity retention with little 
capacity fade up to 90 cycles. This equates to about 90% capacity retention. Three 
materials made at pH 9.5, 10.0 and 10.5 delivered more  than 200 mAh/g discharge 
capacity steadily over 50 cycles, amongst these cells the material made at pH 10.0 
demonstrated better cycling performance delivering about 230 mAh/g discharge 
capacity over 50 cycles, exhibiting a 93% capacity retention [210]. This therefore 
suggests that these materials do not only deliver high discharge capacities during 
the first and second cycles; even when cycled for longer periods they display great 
capacity retention. The prepared materials possess intrinsic high capacities with 
great cycling stability and capacity retention.  
Figure 3.1.10 below compares the c-rate performance of Li1.2Mn0.6Ni0.2O2 materials 
synthesized using traditional co-precipitation however adding few variation to the 
process. The data represented in figure 3.1.10 below was extracted from Doan “et 
al”. [118] and one-pot co-precipitation method reported in this work. Cheng “et al”. 
[162] and Wu “et al”. [202] used sulphate precursors, NaOH and ammonia solution to 
produce the hydroxide precursor and adding Li2CO3. However Wu “et al”. involved 
two different mixing steps of adding the lithium source, in one method Li2CO3 was 
blended and another method involved mechanical balling to the precursor and 
produced two materials. Cheng “et al”. varied the flow rate of NaOH and produced 
materials with different pH values, pH 10.0 delivered good results and hence 
included in the graph below. However Li “et al” used mixture of reagents, nickel 
nitrate, manganese chloride, Li2CO3 and NaOH. Materials a and b delivered high 
initial discharge capacity however decreased dramatically with increase in c-rate. 
The material synthesized at pH 10.0 in this work show superior c-rate performance 
compared to the other four materials. Compared to the material at pH 10.0 produced 
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by Cheng “et al” our material performs much better, reaching 200 mAh/g capacity at 
1c-rate (200 mA/g current density). One-pot synthesis using urea undoubtedly 
delivered improved c-rate performance and retained 75% of the initial capacity, other 
counterparts retained 70% (pH 10.0 Cheng “et al”.) [162], 70% (Li “et al”.) [203], 
62 % (blended) and 47% (mechanical balling) [202]. 
 
Figure 3.1.10. Comparison of c-rate performances of Li1.2Mn0.6Ni0.2O2 cathode 
materials, synthesized via co-precipitation method and one pot synthesis reported in 
this work. (a) and (b) Li1.2Mn0.6Ni0.2O2 by Wu “et al”. [202], (c) one-pot synthesis (this 
work), (d) Li1.2Mn0.6Ni0.2O2 by Cheng “et al”. [162] and (e) Li1.2Mn0.6Ni0.2O2 by Li “et 
al”. [203]. 
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Figure 3.1.11 illustrates the cycling efficiencies of the Li1.2Mn0.6Ni0.2O2 cathode 
materials at pH 9.0, 9.5, 10.0 and 10.5 using the cycling performance data of cells 
discharged at 50 mA/g as shown in figure 3.1.9. 
 
Figure 3.1.11. Cycling efficiencies over 50 cycles for Li1.2Mn0.6Ni0.2O2 at pH 9.0, 9.5, 
10.0 and 10.5 discharged at 50 mA/g. 
As alluded above and as seen in the cycling efficiency graph above, all cathode 
materials have >90% cycling efficiency after 50 cycles. This therefore suggests that 
the one pot synthesis co-precipitation method produced stable cathode materials 
with particle surfaces stable towards harsh electrolyte/electrode reaction. Composite 
materials of this nature when charged above 4.6 V tend to react with the electrolyte 
and compromise the durability and subsequently the cycle life of the battery which is 
not the case with the composite materials reported here. There have been various 
approaches to combat the electrolyte/electrode reaction, coating/doping the 
composites materials [115]. The synthesis method used in this work however 
produced stable particles with no need for coating/doping the particles surfaces. It is 
also important to highlight that for each cycle the cathode materials (pH 9.0, 9.5 and 
10.0) retained > 90% capacity with an exception of pH 10.5 showing gradual 
capacity decreases with cycling.  
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3.1.3. Post cycling structural analysis 
The morphologies of the cathode materials after 100 cycles at different current 
densities were analysed using FESEM imaging and are shown below in figure 
3.1.12. The figure below represents the preliminary work done to demonstrate the 
particle morphology change with cycling. 
 
Figure 3.1.12. SEM images of Li1.2Mn0.6Ni0.2O2, (a) pH 9.0, (b) pH 9.5, (c) pH10.0 
and (d) pH 10.5 respectively post 100 cycles.  
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Stability of cathode and anode materials during cycling is an important phenomenon 
for lithium ion batteries and has to be fully understood. Figure 3.1.12.a shows 
agglomerated particles for pH 9.0 sample and also shows that particles 
agglomerated to form secondary semi-spherical particle. Post cycling particles 
appear more agglomerated which may be due to the use of the electrolyte during the 
cycling of the coin cells; however the particles for sample pH 9.5 and 10.0 look a lot 
less agglomerated, however the size decreased to < 100 nm after 100 cycles. This 
observation suggests that the particles at pH 9.5 and 10.0 are more stable towards 
cycling. This observation further proves the reason why pH 9.5 and pH 10.0 samples 
delivered stable cycling performance and good rate capability studies compared to 
other two samples.  
Figure 3.1.13 below shows the XRD patterns of post cycled Li1.2Mn0.6Ni0.2O2 cathode 
materials obtained from analysing the Li1.2Mn0.6Ni0.2O2 cathode materials at pH 9.0, 
9.5, 10.0 and 10.5. 
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Figure 3.1.13. Post cycling XRD patterns for (a) Li1.2Mn0.6Ni0.2O2 at pH 9.0, 9.5, 10.0 
and 10.5, (b) enlarged view of the Li2MnO3 peak and (c) the refined patterns of the 
materials. 
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Structural changes post 100 cycles were also evaluated by the aid of XRD for four 
materials namely: pH 9.0, 9.5, 10.0 and 10.5. Figure 3.1.13 showed only one weak 
peak observed at 21.5˚ for pH 9.0, 9.5 and 10.5. The peak at 18˚ shifted to the 
higher 2 theta degree for pH 9.0 and 9.5 however for pH 10.5 the peak is very faint. 
The results therefore suggests that an atomic re-arrangement takes place during 
cycling for these three materials and the crystal structure is not maintained which is 
expected especially for Li2MnO3 structure. Literature has proven that Li2MnO3 phase 
re-arranges during first cycle, Li2O is lost during electrochemical activation of 
Li2MnO3. It is also important to note that the peak at 18˚ which is due to the layered 
materials mostly likely LiMn0.5Ni0.5O2 did not disappear nor shift for pH 10.0 and the 
two weak peaks between 20-25˚ are also present [211]. Table 3.1.6 below shows the 
lattice parameters and crystal composition of the materials. The Li1.2Mn0.6Ni0.2O2 
phase is still high in pH 10.0 material compared to its counterparts. Crystal 
composition shows that there was a drastic decrease in Li2MnO3 phase after cycling. 
The c/a ratio >4.96 usually indicate higher cation ordering and a value <4.96 indicate 
partial cation mixing [212, 213]. A ratio >4.96 was obtained for all materials post 
cycling and this indicates that cycling these layered materials does not lead to 
cationic mixing. Furthermore the lattice parameter A increased slightly from 2.85 Å to 
2.86 Å, 2.88 Å, 2.86 Å and 2.87 Å respectively. Increase in A lattice parameter is 
associated with the presence of Mn3+ ions in the sample [108]. However, in this case 
the increase is too small to negligible and therefore suggests that the Mn in the 
sample is mostly Mn4+ ions.  
Table 3.1.6. Rietveld refined results of Li1.2Mn0.6Ni0.2O2 materials post cycling 
Sample a (Å) 
Li2MnO3 
c (Å) 
Li2MnO3 
c/a Crystal composition 
pH 9.0 2.86 14.22 
 
4.97 
Li1.2Mn0.6Ni0.2O2 31.47% 
Li2MnO3  0.42% 
Al 68.11% 
pH 9.5 2.88 14.56 
 
5.05 
Li1.2Mn0.6Ni0.2O2  31.61% 
Li2MnO3  0.67% 
Al 67.72% 
pH 10.0 2.86 14.32 
 
4.98 
Li1.2Mn0.6Ni0.2O2 62.41% 
Li2MnO3 0.06% 
Al 37.53% 
pH 10.5 2.87 14.32 
 
4.99 
Li1.2Mn0.6Ni0.2O2 13.76% 
Li2MnO3  0.15% 
Al 86.09% 
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3.1.4. Conclusions 
The cathode materials Li1.2Mn0.6Ni0.2O2 were successfully synthesized through a 
facile modified co-precipitation process at different pH values and annealed at 
900°C. XRD, TEM, BET and ICP-MS confirmed the formation of the Li1.2Mn0.6Ni0.2O2 
layered structure at pH 9.0, 9.5, 10.0 and 10.5. ICP-MS proved that the material 
prepared at pH 10.0 had the closest composition to the proposed theoretical 
composition and BET further proved that the same material possessed highest 
surface area. Electrometrical testing including EIS, rate performance testing and 
cycling stability proved pH 10.0 material to have superior electrochemical 
performance compared to other counterparts substantiating the structural analysis 
observation. Overall the cathode material at pH 10.0 exhibits the best 
electrochemical performance at 20 mA /g, 50 mA /g and 100 mA /g current densities 
and high capacity retention post 90 cycles. All the materials produced displayed a 
steady cycling at high potentials and displayed good rate performance. Post cycling 
analysis especially XRD, further proved the stability of pH 10.0 material and also 
proved that Li2MnO3 phase does not completely change to MnO2 structure as 
reported in literature. The electrochemical performance suggests that the as-
developed LMR-TM materials are promising for development towards high capacity 
lithium ion battery applications and the synthesis method used is suitable to produce 
homogenous LMR-TM cathode materials. 
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CHAPTER 3.2 
Effect of lithium ratio towards electrochemical performance of Li1+xMn0.6Ni0.2O2 
x= 0.2, 0.25, 0.3 and 0.4 cathode material for Lithium Ion batteries.  
This chapter reports on the effect of lithium ratio towards electrochemical 
performance of Li1+x Mn0.6 Ni0.2O2, x= 0.2, 0.25, 0.3 and 0.4 cathode materials for 
lithium ion batteries. This study focused on increasing the active cathode material 
electrochemical performance especially, cycling efficiency and rate capability of 
LMR-TM cathode materials without doping or coating the materials but rather 
increasing the lithium ratio while other metals remains constant. Kang et.al. 
suggested that the extra lithium forms cationic ordering with Mn ions and can also 
oxidize Ni2+ and subsequently alter the overall electronic structure [214]. This 
therefore suggests that the electrochemical properties will change. One-pot 
synthesis co-precipitation method was used to achieve Li1+xMn0.6Ni0.2O2, x= 0.2, 
0.25, 0.3 and 0.4, Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and 
Li1.4Mn0.6Ni0.2O2 cathode materials respectively.  
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3.2.1. Microscopic and spectroscopic characterization 
Figure 3.2.1 compares the XRD patterns and rietveld refinement results of the 
layered Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
oxides prepared by a facile one pot co-precipitation method. 
 
Figure 3.2.1.a XRD patterns overlay for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials. 
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Figure 3.2.1.b XRD refined patterns for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials. 
The XRD patterns for the oxides are similar and all have the weak peaks between 
20˚ and 25˚ which are unique to the monoclinic Li2MnO3 crystalline structure as 
highlighted by the grey line in figure 3.2.1.a [190, 191]. Figure 3.2.1 (a and b) shows 
the refined results as well as the Bragg’s positions. The reflection patterns are mainly 
that of Li1.2Mn0.6Ni0.2O2 as a primary phase with an inclusion of the monoclinic 
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symmetry system as a secondary phase. The summary of the refined data is 
highlighted in the table 3.2.1 below. The Li1.2Mn0.6Ni0.2O2 phase is more dominant in 
Li1.4Mn0.6Ni0.2O2 74.30%, Li1.3Mn0.6Ni0.2O2 with 72.90%, Li1.2Mn0.6Ni0.2O2 and 
Li1.25Mn0.6Ni0.2O2 with 67.68% and 67.69% respectively. The crystal composition 
suggests that Li1.4Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 are more conductive because 
they contain less of the low conductive Li2MnO3 phase [215]. Lattice parameters 
calculated using rietveld refinements were all found to be similar as reported in table 
below, this suggests that the lithium ratio in the layered materials slightly influences 
the crystal structure but barely alters the lattice parameters. A ratio >4.96 was 
obtained for all materials and this indicates no cationic mixing in these four materials. 
The A lattice parameter is 2.85/2.86 for all materials and further proves the presence 
of the monoclinic phase within the crystal structure [191]. 
Table 3.2.1. Rietveld refinement results for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials. 
 
Sample 
a (Å) 
Li2MnO3 
c (Å) 
Li2MnO3 
c/a Crystal composition 
Li1.2Mn0.6Ni0.2O2 2.86 14.24 
 
4.98 
Li1.2Mn0.6Ni0.2O2 67.69% 
Li2MnO3 32.31% 
Li1.25Mn0.6Ni0.2O2 2.85 14.24 
 
5.00 
Li1.2Mn0.6Ni0.2O2 67.68% 
Li2MnO3 32.32% 
Li1.3Mn0.6Ni0.2O2 2.86 14.24 
 
4.98 
Li1.2Mn0.6Ni0.2O2  72.90% 
Li2MnO3 27.10% 
Li1.4Mn0.6Ni0.2O2’ 2.85 14.23 
 
4.99 
Li1.2Mn0.6Ni0.2O2  74.30% 
Li2MnO3 25.70% 
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The surface morphologies for cathode materials before and after electrochemical 
testing were investigated through FESEM imaging as shown in figure 3.2.2 (a-d and 
a’-d’). 
 
Figure 3.2.2. SEM images of the layered Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2’ cathode materials before (figure 3.2.2 a-d) and 
after (figure 3.2.2 a’-d’) electrochemical testing of the materials. 
Samples a, b and c for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 
respectively show agglomeration but well distributed particle sizes especially for 
sample c. However sample d, for Li1.4Mn0.6Ni0.2O2 possesses irregular shaped 
particles and sizes. The morphologies of the cathode materials post 100 cycles as 
displayed in figure 3.2.2.2(a’-d’) appear more agglomerated with smaller particles 
sizes. This therefore suggests that the morphology of these materials is sensitive 
towards the electrolyte.  
The average sizes range from 162, 205, 218 and 220 nm for Li1.3Mn0.6Ni0.2O2, 
Li1.4Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2 and Li1.2Mn0.6Ni0.2O2 respectively. Li1.3Mn0.6Ni0.2O2 
has the smallest average particles of 162 nm. Furthermore the surface area of the 
as-prepared powders were measured using BET and the averages and standard 
deviations measured are reported as 2.76±0.07 m2/g, 2.58±0.06 m2/g, 3.08±0.05 
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m2/g and 0.18±0.05 m2/g for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and 
Li1.4Mn0.6Ni0.2O2 respectively. BET results again show superior results for 
Li1.3Mn0.6Ni0.2O2, the surface area results imply that Li1.3Mn0.6Ni0.2O2 has the smallest 
size which is true as measured from SEM. 
To further investigate the effect of lithium ratio in the layered structure and determine 
the actual amounts of Mn3+/ Mn4+ and Ni2+/ Ni4+ in the layered materials, XPS 
experiments were performed on the layered materials powders. Figure 3.2.3 (a and 
b) below shows detailed fitted X-ray photoelectron spectroscopy spectra of the Mn 
2p3/2 peak and Ni 2p3/2 peak for all four cathode materials 
 
Figure 3.2.3.a. X-ray photoelectron spectra showing the Mn 2p3/2 peak of (a) 
Li1.2Mn0.6Ni0.2O2, (b) Li1.25Mn0.6Ni0.2O2, (c) Li1.3Mn0.6Ni0.2O2 and (d) Li1.4Mn0.6Ni0.2O2 
cathode materials. 
Figure 3.2.3.a above shows broad width peak of a Mn 2p3/2 (a-d) for all four cathode 
materials and this is an indication that the Mn exists in more than one oxidation 
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state. The Mn 2p3/2 peak was deconvoluted to quantify the Mn oxidation states found 
in each sample. The deconvoluted binding energy peak position as well as the Mn 
oxidation states are summarized in table 3.2.3 below. The binding energy of Mn 
increases with oxidation state Mn4+ > Mn3+ [216-218]. The results show that the 
binding energy for Mn4+ across all four cathode materials maintained position 641.0 
eV despite increase in lithium ratio. The cation distribution however is affected by the 
increase in lithium ratio, this serves as proof that the Mn4+ percentages increase 
slightly with an increase in lithium ratio. The Li1.4Mn0.6Ni0.2O2 cathode material 
however has the lowest Mn4+ percentage as well as the highest Mn3+ percentage 
amongst the four materials. High percentage of Mn4+ in the sample means the 
material is more conductive and should deliver high discharge capacity. It is 
important to note that the chances of these four materials to suffer from Mn2+ 
dissolution problems are low due to the absence of the Mn2+ species.  
 
Figure 3.2.3.b. X-ray photoelectron spectra showing the Ni 2p3/2 peak of (a’) 
Li1.2Mn0.6Ni0.2O2, (b’) Li1.25Mn0.6Ni0.2O2, (c’) Li1.3Mn0.6Ni0.2O2 and (d’) Li1.4Mn0.6Ni0.2O2 
cathode materials. 
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Figure 3.2.3.b shows the deconvoluted peaks of Ni 2p3/2 peak, to further investigate 
the layered structures of these materials. Table 3.2.3 shows that nickel exists 
predominantly in the Ni2+ oxidation state in all four cathode materials. 
Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 have the highest percentages of Ni2+ oxidation 
state, this therefore suggests that the two materials are more conductive and more 
coulombic efficient. Furthermore, these claims will be further corroborated in the 
following electrochemical sections. 
Table 3.2.3. XPS data summary highlighting the Mn 2p3/2 and Ni 2p3/2 peak positions 
and cation distribution  
Sample Binding Energy position (eV) for 
Mn cations 
Binding Energy position (eV) for 
Ni cations 
 Mn4+                                  Mn3+ Ni2+                                  Ni4+ 
Li1.2Mn0.6Ni0.2O2 641.0 (67.1%) 639.5 (32.9%) 852.1 (54.7%) 853.6 (45.3%) 
Li1.25Mn0.6Ni0.2O2 641.0 (68.7%) 639.5 (31.3%) 852.1 (66.5%) 853.3 (33.5%) 
Li1.3Mn0.6Ni0.2O2 641.0 (70.8%) 639.4 (27.2%) 852.2 (67.7%) 853.0 (32.3%) 
Li1.4Mn0.6Ni0.2O2 641.0 (58.9%) 639.4 (41.1%) 852.3 (55.1%) 853.4 (44.9%) 
 
Morphologies of the Li1.25Mn0.6Ni0.2O2 particles before and after cycling were 
examined using HRTEM and are displayed below in figure 3.2.4. 
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Figure 3.2.4. HRTEM morphology imaging of the (a) as-prepared Li1.25Mn0.6Ni0.2O2 
(b),morphology imaging of Li1.25Mn0.6Ni0.2O2 material after cycling, FFTs from the 
surface of the as-prepared (c) Li1.25Mn0.6Ni0.2O2  and (d) after cycling, diffraction 
pattern for the as-prepared (e) Li1.25Mn0.6Ni0.2O2  and (f) after cycling. 
Particles before cycling are less agglomerated compared to the particles after 100 
cycles. The crystals are surrounded by the carbon used in coating the cathode 
particles as seen in figure 3.2.4 b. It is also important to note that the crystal 
structure maintained its shape even after cycling for 100 cycles. The lattice images 
before and after cycling are shown in figure 3.2.4 c and d and the lattice fringes from 
both before and post cycling were measured on average to be 4.69 Å and 2.86 Å 
respectively. Li1.25Mn0.6Ni0.2O2 before cycling possess larger lattice fringes 4.69 Å, 
this is the acceptable d-spacing for layered materials indicating good structural 
integration between Li2MnO3 and LiMn0.5Ni0.5O2 components at atomic level as been 
reported several times in literature [130, 196]. After cycling the material the d-
spacing drastically reduced to 2.86 Å and these results suggests that cycling the 
Li1.25Mn0.6Ni0.2O2 material for 100 cycles results in phase transformation due to the 
decrease in d-spacing observed [197]. The results were further investigated by 
means of selected area diffraction (SAED) patterns from the surface regions of 
2.86Å 
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Li1.25Mn0.6Ni0.2O2 before and after cycling at 2.0 V and 4.8 V as represented in figure 
3.2.4 e and f respectively. SAED also confirmed that there is a phase transformation 
taking place from a hexagonal to rhombohedral diffraction pattern post 100 cycles. 
3.2.2. Electrochemical measurements 
Figure 3.2.5 shows the first and second charge and discharge properties of the as-
prepared Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
cathode materials within the voltage range 2.0 V and 4.8 V at 20 mA/g. As expected 
due to the variation in the lithium content, the cathode materials yield different 
electrochemical properties. These first cycle profiles also shows how the capacity is 
produced from the two phases within the layered oxide.  
 
Figure 3.2.5. First and second charge/discharge voltage profiles for (a) 
Li1.2Mn0.6Ni0.2O2, (b) Li1.25Mn0.6Ni0.2O2, (c) Li1.3Mn0.6Ni0.2O2 and (d) Li1.4Mn0.6Ni0.2O2 
cathode materials charged between 4.8 and 2.0 V at 20 mA/g. 
The figure above displays the expected profiles for the lithium-rich layered materials 
and correlates to the results in figure 3.1.8 in chapter 3.1. First charge profiles for all 
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four cathodes exhibit a sloping voltage profile below 4.4 V followed by a long plateau 
>4.5V as previously evidenced and discussed in chapter 3.1 [112, 199]. The initial 
charge and discharge capacities for Li1.2Mn0.6Ni0.2O2 are 325 mAh/g and 198 mAh/g 
respectively, making this cathode material 61% coulombic efficient (39% capacity 
loss during first cycle). However increase in lithium ratio led to increase in initial 
charge to 200 mAh/g and coulombic efficiency of 73% for Li1.25Mn0.6Ni0.2O2. The 
initial discharge capacity further increased to 222 mAh/g for Li1.3Mn0.6Ni0.2O2 cathode 
material and making the first cycle 70% coulombic efficient. The cathode material 
with the highest lithium content Li1.4Mn0.6Ni0.2O2 delivered the lowest discharge 
capacity (175 mAh/g) and lowest coulombic efficiency of 58% during first cycle and 
this can be accounted to the largest percentage of Mn3+ as seen from the XPS 
results above, this subsequently makes the material less conductive. First and 
second discharge capacity for Li1.3Mn0.6Ni0.2O2 cathode material is 222 and 
224 mAh/g (101% retention) respectively, whereas for the other materials discharge 
capacity decreased with an average of 20 mAh/g between the first and second 
cycles. The three materials Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
show a slight voltage fade from the first cycle to the second cycle.  
Figure 3.2.6 below shows the redox process of the four materials with varying lithium 
ratio, mainly focusing on proving that the materials do not suffer from layered 
materials-spinel conversion. 
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Figure 3.2.6. Differential capacity profiles for (a) Li1.2Mn0.6Ni0.2O2 (b) 
Li1.25Mn0.6Ni0.2O2 (c) Li1.3Mn0.6Ni0.2O2 and (d) Li1.4Mn0.6Ni0.2O2 charged between 2.0 V 
and 4.8 V at 20 mA/g. 
Three materials (figure 3.2.6 a-c) shows two major anodic peaks during the oxidation 
process, peak 1 at 3.8 V and peak 2 V at 4.6 V while peak 1 for Li1.4Mn0.6Ni0.2O2 
shows clear splitting into two doublets between 3.8 V and 4.25 V. Peak 1 is due to 
the oxidation of Ni2+ to Ni4+ and simultaneous extraction of lithium, this process can 
be traced to the sloping voltage observed at  ≤ 4.4 V in figure 3.2.5 profiling first 
charge/discharge of the cathode materials [204, 205]. Prominent peak 2 at 4.6 V 
(observed for all four materials) corresponds to the plateaus marked with dotted lines 
in figure 3.2.5 which indicates the activation of Li2MnO3 component that is 
accompanied by the irreversible removal of Li+ and O (Li2O). The reduction process 
is also characterized by two cathodic peaks, peak 3 at 3.8 V and peak 4 at 3.25 V 
observed for all four materials. Peak 3 signifies  the reduction of Ni4+ to Ni2+  and at 
peak 4 is attributed to the reduction of Mn4+ to Mn3+ in MnO2 that remains after 
Li2MnO3 is activated [135] [205, 206]. 
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During the second charge step, peak 2 completely disappeared confirming that the 
first cycle charge capacity is irreversible and there is a structure re-arrangement due 
to the irreversible removal of Li+ and O , this is also proven by the disappearance of 
the plateau in figure 3.2.4 [129]. Two anodic peaks at 3.25 V (Mn ions oxidation) and 
3.8 V (Ni ions oxidation) are observed for Li1.2Mn0.6Ni0.2O2 and Li1.25Mn0.6Ni0.2O2 
cathode materials, this observation suggests that for these two materials Mn 
participates in the electrochemistry of the materials. One anodic peak at 3.8 V is 
observed for Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 this means the Mn acts as a 
stabilizing agent. There is a good chance that Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
materials will have stable cycling performance and this will proved in the next 
section. 
Despite the slight difference in the electrochemistry observed between the materials, 
all four samples showed great stability towards layered-to-spinel phase 
transformation, this is confirmed by the absence of the peak at 2.8 V which has been 
reported to symbolize the formation of spinel phase [207]. Despite the fact that the 
Li1.4Mn0.6Ni0.2O2 material possess the largest percentage of Mn3 + as shown from 
XPS results.  
Figure 3.2.7 shows the rate capability studies of the as synthesized materials at 
different discharge current densities. This study is an important part of battery 
acquisitions, charging cells at higher current densities and anticipating higher 
capacities while maintaining stability. 
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Figure 3.2.7. Rate performance of Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials charged at 20, 50, 100, 200, 
400, 600, 800 and 1000 mA/g current densities. 
Each coin cell containing the as-prepared cathode materials as a positive electrode 
were charged at different current densities, 10 cycles at each current density using 
constant voltage. High discharge capacities >200mAh/g were observed for 
Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 materials charged at the 
initial current density of 20 mA/g. The charging time at 20 mA/g current density 
theoretically should take 10 hours long, meaning a total of 20 hours is needed to 
attain full cycle at this current density not taking into account the relaxation time. At 
50 mA/g current density, full cycle charging/discharging time should decrease to 8 
hours in total. It is important to note that at increased current density (100 mA/g), full 
cycle charging/discharging time decreases to 4 hours for Li1.3Mn0.6Ni0.2O2 containing 
cell and 180 mAh/g discharge capacity was delivered, while the other counterparts 
delivered just above 150 mAh/g. At this stage, it is clear that increase in current 
density results in decrease in charging time and a slight decrease in discharge 
capacity. Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 containing cells still delivered 
capacities above 100 mAh/g when discharged at 600 mA/g (3C-rate), the 
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charging/discharging time at this stage is 30 minutes. Li1.3Mn0.6Ni0.2O2 material 
delivered the highest discharge capacities reaching >80 mAh/g at 1000 mA/g (5C-
rate) current density. To prove capacity retention of these materials, the cells were 
cycled again at 20 mA/g after 80 cycles and the materials displayed 90% capacity 
retention with Li1.4Mn0.6Ni0.2O2 showing over 100% retention. The studies prove that 
Li1.3Mn0.6Ni0.2O2 has superior rate capability compared to other materials. This also 
suggests that the lithium diffusion path length is shorter for Li1.3Mn0.6Ni0.2O2 
compared to other materials as the current density increases.  However, post 50 
cycles beyond 600 mA/g current density Li1.25Mn0.6Ni0.2O2 shows better rate 
performance. 
In order to gain a better understanding of the effect of lithium ratio in the layered-
layered cathode materials the Electrochemical Impedance Spectroscopy (EIS) was 
considered to examine the internal electrochemistry processes and reaction kinetics 
of the lithium ion diffusion through the active materials [208]. The impedance was 
done for fresh cells, post 20 cycles and post 50 cycles to further examine effect of 
varying lithium ratio.  
 
Figure 3.2.8. Impedance spectra of (a) Li1.2Mn0.6Ni0.2O2, (b) Li1.25Mn0.6Ni0.2O2, (c) 
Li1.3Mn0.6Ni0.2O2 and (d) Li1.4Mn0.6Ni0.2O2 before charging, after 20 and 50 cycles. 
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The impedance of the as-prepared cathode materials were measured at three points, 
before cycling (black), after 20 cycles (red) and after 50 cycles (blue) between 2.0 V- 
4.8 V and is expressed as Nyquist plots as shown in figure 3.2.8. Each electrode 
shows one semicircle in the high frequency range and a Warburg in the lower 
frequencies in these three stages, before, after 20 cycles and 50 cycles. The 
resistance is large before cycling compared to post 20 cycles and 50 cycles and this 
is observed for all materials. The resistance for Li1.4Mn0.6Ni0.2O2 material decreased 
after 20 cycles and decreased even further post 50 cycles. The EIS data fitted with a 
two randles equivalent model and is shown in figure 2.4 in chapter 2.  The Rs here is 
the series or ohmic resistance incorporating the electrolyte/solution resistance, RSEI 
is the surface interface resistance, Rct is the charge transfer resistance, W is the 
Warburg impedance, CPE and Cdl are the capacitance/ constant phase element due 
to surface charge build up. Before charging the semicircle observed in the high 
frequency is mainly due to Rct (charge transfer resistance) because of the 
accumulation of charge between two electrodes [184].  
One semicircle observed post cycling is as a result of combination of Rct (charge-
transfer resistance) and RSEI (Solid-electrolyte interphase).The semicircle observed 
for all the electrodes corresponds to the product of Rct and RSEI values observed in 
table 3.2.2 below. For instance, Li1.3Mn0.6Ni0.2O2 Rct and RSEI after 20 cycles were 
10.75±2.82 Ω and 114.8±2.85 Ω respectively totalling to ± 130 Ω corresponding to 
the impedance observed from the semicircle (Figure 3.2.8.c). The Rct  values for  
Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 materials post 50 cycles are relatively low 
(below 50 Ω) this therefore means the impedance for this materials is mainly due to 
the formation of SEI [209]. In all instances the solution resistance is very low and 
does not change with cycling for all cathode materials. The Warburg resistance 
which indicates the Li+ diffusion resistance was low for Li1.4Mn0.6Ni0.2O2 at all 
instances, 50.87, 82.28 and 21.96 before cycling, after 20 cycles and 50 cycles 
respectively and this suggests that Li+ diffusion rate is much higher for this cathode 
material, table 3.2.3 below represents this very well. Impedance for the 
Li1.4Mn0.6Ni0.2O2 decreased significantly with cycling as seen from the semicircle and 
the table below shows that both the Rct and RSEI values decreased, the two 
observations are in agreement. Decrease in both Rct and RSEI with longer cycling 
leads to increase in capacity. 
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Table 3.2.2. EIS parameters for the Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 fitted using R1+C2/R2+C3/R3+W4 equivalent 
electrical circuit model. 
Sample name Rs (Ω) RSEI (Ω) C/CPEf Cdl Rct (Ω) 
ZW (ohm.s-
1/2) 
Before cycling 
Li1.2Mn0.6Ni0.2O2 
3.43 
±0.31 
181.50 
±2.48 
6.20×10-6 
±0.24×10-6 
0.96×10-6 
±61.82×10-9 
71.15 
±2.43 
130.00 
±0.07 
Li1.25Mn0.6Ni0.2O2 
29.30 
±0.37 
355.10 
±6.40 
2.87×10-6 
±0.12×10-6 
1.46×10-6 
±61.39×10-9 
75.13 
±6.37 
144.10 
±0.07 
Li1.3Mn0.6Ni0.2O2 
6.08 
±0.37 
266.40 
±3.79 
4.86×10-6 
±0.17×10-6 
1.14×10-6 
±49.57×10-9 
75.72 
±3.761 
127.4 
±0.07 
Li1.4Mn0.6Ni0.2O2 
7.49 
±0.31 
201.7 
±0.44 
2.46×10-6 
±26.43×10-9 
0.05 
±0.54×10-3 
0.74×1015 
±0.43×1024 
50.87 
±0.24 
After 20 cycles 
Li1.2Mn0.6Ni0.2O2 
6.67 
±0.82 
90.00 
±3.56 
1.75×10-6 
±0.18×10-6 
0.47×10-6 
±30.35×10-9 
21.19 
±3.69 
193.60 
±0.05 
Li1.25Mn0.6Ni0.2O2 
7.00 
±0.29 
192.20 
±2.48 
3.09×10-6 
±0.12×10-6 
1.02×10-6 
±0.12×10-6 
28.03 
±2.68 
 
154.60 
±0.06 
Li1.3Mn0.6Ni0.2O2 
5.37 
±0.34 
10.75 
±2.82 
1.51×10-6 
±0.39×10-6 
2.76×10-6 
±0.19×10-6 
114.80 
±2.85 
123.10 
±0.05 
Li1.4Mn0.6Ni0.2O2 
8.30 
±0.37 
53.01 
±0.53 
1.58×10-6 
±72.49×10-9 
3.63×10-3 
±0.42×10-3 
23.88 
±0.58 
82.28 
±0.19 
After 50 cycles 
Li1.2Mn0.6Ni0.2O2 
6.19 
±1.23 
25.76 
±1.65 
1.41×10-6 
±0.64×10-6 
2.36×10-6 
±0.13×10-6 
87.40 
±0.40 
126.90 
±0.06 
Li1.25Mn0.6Ni0.2O2 
5.14 
±0.37 
272.50 
±6.64 
4.41×10-6 
±0.24×10-6 
4.41×10-6 
±0.45×10-6 
30.27 
±6.61 
 
119.60 
±0.07 
Li1.3Mn0.6Ni0.2O2 
6.00 
±0.31 
200.50 
±0.50 
2.45×10-6 
±26.92×10-9 
0.08 
±3.99×10-3 
44.91 
±9.91 
102.80 
±0.27 
Li1.4Mn0.6Ni0.2O2 
7.54 
±0.37 
15.29 
±0.44 
2.07×10-6 
±0.33×10-6 
0.044 
±0.52×10-3 
35.71 
±13.60 
21.96 
±0.74 
 
The slope obtained from the plot between the real impedance (Z′) vs. the reciprocal 
square root of the frequency in the low frequency tail (ω-1/2) is the σ, Warburg factor 
is indicated below in figure 3.2.9.  
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Figure 3.2.9. Plots of –Z vs ω-1/2 for Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2. 
 
Lithium diffusion rate with respect to cycling number was further analysed by means 
of a comparative graph as shown below in figure 3.2.10. 
 
Figure 3.2.10. Comparative plot of lithium diffusion rate for Li1.2Mn0.6Ni0.2O2, 
Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 after 20 and 50 cycles. 
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The comparative plot above shows that Li1.4Mn0.6Ni0.2O2 cathode material has the 
highest lithium diffusion rate at all stages which supports the lower Warburg 
resistance observed above, while Li1.3Mn0.6Ni0.2O2 possess slow diffusion rates. The 
graph evidently shows a major increase in diffusion rate from 20 to 50 cycles for 
Li1.25Mn0.6Ni0.2O2 cathode material. Table 3.2.3 below also summarizes the diffusion 
coefficients for the cathode materials post 20 and 50 cycles. Li1.2Mn0.6Ni0.2O2 has the 
highest diffusion coefficient value, suggesting ease of Li+ diffusion with increase in 
cycle number. The material with the best discharge capacity (Li1.3Mn0.6Ni0.2O2) and 
stable cycling had the slowest diffusion coefficients both post 20 and 50 cycles.  
 
Table 3.2.3. Diffusion coefficients (cm2 s-1) values of lithium ion in cathode materials 
Sample name Diffusion coefficients 
After 20 cycles 
 
After 50 cycles 
Li1.2Mn0.6Ni0.2O2 2.14×10-14  1.23×10-13  
Li1.25Mn0.6Ni0.2O2 6.03×10-14  7.33×10-14  
Li1.3Mn0.6Ni0.2O2 5.62×10-16  7.69×10-16 
Li1.4Mn0.6Ni0.2O2 1.44×10-13  1.52×10-13  
 
Figure 3.2.11 below presents the cycling performances of Li1.2Mn0.6Ni0.2O2, 
Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials charged at 
2.0 to 4.8 V. 
c 
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Figure 3.2.11. Comparative cycling stability of Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode materials cycled at 50 mA/g current 
density in the voltage range 2.0 to 4.8 V. 
All materials show good cycling stability with > 90% capacity retention over 50 
cycles. Figure 3.2.11 above shows that Li1.3Mn0.6Ni0.2O2 delivers good cycling 
performance and also demonstrated highest capacity retention of 96% maintaining 
180mAh/g capacity cycled at 50 mA/g. However Li1.4Mn0.6Ni0.2O2 capacity increases 
with cycling from 182 to 192 mAh/g after 50 cycles giving capacity retention of 105%. 
There is no record of this behaviour in literature however we suggest that it can be 
attributed to the excess lithium in the material. The diffusion coefficient study showed 
that the material had the highest lithium diffusion rate, this therefore suggests that 
faster diffusion rates favours stable cycling and not necessarily higher discharge 
capacity outputs. 
3.2.3 Conclusion 
In this study Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
cathode materials were successfully synthesized through a facile modified co-
precipitation process and lithium ratio effect therefore investigated. SEM and BET 
showed that Li1.3Mn0.6Ni0.2O2 has the smallest particle size and largest surface area, 
the two properties needed for high capacity cathode materials. XPS data also 
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showed that lithium ratio has an effect towards the percentages of Mn4+ and Ni2+ 
species and therefore increase in lithium ratio leads to increase of Mn4+ species. 
Li1.3Mn0.6Ni0.2O2 has over 70% Mn4+ while Li1.4Mn0.6Ni0.2O2 had the lowest about 
58.9%. All materials were stable towards layered-spinel transformation despite 
varying lithium ratio. Phase transformation during cycling was confirmed using 
HRTEM for Li1.25Mn0.6Ni0.2O2. Cathode materials, Li1.25Mn0.6Ni0.2O2 and 
Li1.3Mn0.6Ni0.2O2 exhibited best rate performance delivering >120 mAh/g at 400 mA/g 
current density. Li1.3Mn0.6Ni0.2O2 displayed a steady cycling performance at high 
potentials with well over 95% capacity retention. EIS data was used to calculate the 
lithium diffusion coefficients values for the cathode materials after 20 and 50 cycles, 
the results shows that the lithium diffusion rate increases with cycling.  
The material with high lithium content Li1.4Mn0.6Ni0.2O2 possess higher lithium 
coefficient 1.44×10-13 cm2 s-1  after 20 cycles and 1.52×10-13 cm2 s-1 after 50 cycles 
however delivered the lowest capacities. The results therefore suggest that there is a 
limit to lithium loading in the layered oxide structures; lithium content greater than 1.3 
does not result is high capacities probably due to low percentages Mn4+. The results 
show that Li1.3Mn0.6Ni0.2O2 material is suitable for lithium ion battery applications 
requiring cycling stability and medium rate capability. 
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CHAPTER 3.3 
Effects of sintering temperature towards the morphology and electrochemical 
performance of Li1+xMn0.6Ni0.2O2, x= 0.25, 0.3 and 0.4 cathode materials for 
Lithium Ion batteries. 
This chapter reports on the effects the sintering temperature has towards 
morphology and structure of the layered oxide materials and subsequently the effect 
towards electrochemical performance.  
There exists lots of literature on the effect of synthesis procedure to prepare layered 
oxide materials, with less focus on effect of sintering temperature. In this work we 
report on our latest efforts to link effect of sintering temperature towards the 
morphology, particle size, crystal structure and overall electrochemical performance 
of layered oxide materials. TGA reported in chapter 3.1 showed that these materials 
are stable from 550˚C to 1000˚C and therefore these results suggests the possibility 
of annealing/calcination of these layered materials within 600˚C to 1000˚C range. 
The materials were calcinated at 700˚C, 800˚C and 900˚C and the structural and 
electrochemical difference were studied.  
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3.3.1. Structure and morphology characterization 
Figure 3.3.1 a-c compares the XRD patterns of the layered oxides sintered at 700˚C, 
800˚C and 900˚C. 
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Figure 3.3.1. XRD patterns of (a) Li1.25Mn0.6Ni0.2O2, (b) Li1.3Mn0.6Ni0.2O2 and (c) 
Li1.4Mn0.6Ni0.2O2 sintered at 700˚C, 800˚C and 900˚C and the refined diffraction (a’) 
Li1.25Mn0.6Ni0.2O2 (b’) Li1.3Mn0.6Ni0.2O2 and (c’) Li1.4Mn0.6Ni0.2O2. 
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The crystal structure of the as-prepared cathode materials were analysed using 
powder x-ray diffraction recorded from 2θ= 10-70˚. Two temperatures, 800˚C and 
900˚C produced high crystalline materials, free of starting materials and impurities 
whereas 700˚C calcination peaks were slightly amorphous but still pure. Though the 
diffraction patterns shows some amorphous character for materials calcined at 
700˚C, the XRD reflections are similar for all three temperatures and similar to the 
reflection patterns reported in literature for Li1.2Mn0.6Ni0.2O2 layered materials [135]. 
All three graphs show the same pattern, the reflections between 20˚ and 25˚ 
associated with Li2MnO3 phase are visible in all three temperatures although the 
peaks are weaker at 700˚C. The graphs shows that the weak peaks intensifies and 
becomes more prominent as the temperature increases from 700˚C and 900˚C. The 
reflections around 65˚ which indicate a better formed layered oxide structure became 
sharper and more pronounced with increase in calcination temperature [2]. Refined 
results as tabulated below shows that all materials are a mixture of two phases 
namely: Li1.2Mn0.6Ni0.2O2 and Li2MnO3 phases and the composition percentages are 
tabulated below and also indicated in refined diffraction patterns above. Furthermore 
refined results shows that the more prominent the peaks between 20˚ and 25˚ 
appear the less the percentage of the Li2MnO3 phase in the cathode material. It is 
proven that the higher the calcination temperature the less percentage of Li2MnO3 
phase in the layered material, this subsequently means the more conductive the 
layered materials. For instance for Li1.3Mn0.6Ni0.2O2 at 700˚C, 800˚C and 900˚C the 
Li2MnO3 phase percentages were 41.03%, 32.64% and 27.10% respectively. There 
is no variance in the A lattice parameter, however for the C lattice parameter 
increases with calcination temperature. This observation suggest that calcination 
temperature may not have an effect in the manganese ion oxidation state due to the 
A lattice parameter not changing with temperature, however this is not conclusive. 
As observed in chapter 3.2 above, the a lattice parameter amongst the four materials 
was constant, with the aid of XPS we further proved that there was variation in the 
Mn oxidation. As reported in literature, (006)/(102) and (108)/(110) peaks separation 
indicates the formation of highly ordered lamellar structure, meaning the structures 
are more crystalline[151, 162], in this case the peaks separation increases with 
increase in temperature. This indicates that the materials at 700˚C are less ordered 
than the materials at 900˚C. However all materials calcined at different temperatures 
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have a ratio >4.96 which indicates that there is no cationic mixing in these three 
materials despite the calcination temperatures [212, 213].  
 
Table 3.3.1.a. Rietveld refinement results for Li1.25Mn0.6Ni0.2O2, sintered at 700˚C, 
800˚C and 900˚C 
Lattice sizes a (Å) c (Å) c/a Crystal composition 
Li1.25Mn0.6Ni0.2O2 700˚C 2.86 14.20 4.97 
Li1.2Mn0.6Ni0.2O2 65.20% 
Li2MnO3 34.80% 
Li1.25Mn0.6Ni0.2O2 800˚C 2.85 14.22 4.99 
Li1.2Mn0.6Ni0.2O2  67.79% 
Li2MnO3 31.21% 
Li1.25Mn0.6Ni0.2O2 900˚C 2.85 14.24 5.00 
Li1.2Mn0.6Ni0.2O2  67.68 % 
Li2MnO3 32.32% 
 
Table 3.3.1.b. Rietveld refinement results for Li1.3Mn0.6Ni0.2O2, sintered at 700˚C, 
800˚C and 900˚C 
Lattice sizes a (Å) c (Å) c/a Crystal composition 
Li1.3Mn0.6Ni0.2O2 700˚C 2.85 14.20 4.98 
Li1.2Mn0.6Ni0.2O2 58.97 % 
Li2MnO3 41.03 % 
Li1.3Mn0.6Ni0.2O2 800˚C 2.85 14.22 4.99 
Li1.2Mn0.6Ni0.2O2 67.36 % 
Li2MnO3 32.64 % 
Li1.3Mn0.6Ni0.2O2 900˚C 2.86 14.24 4.98 
Li1.2Mn0.6Ni0.2O2 72.90% 
Li2MnO3 27.10% 
 
Table 3.3.1.c. Rietveld refinement results for Li1.4Mn0.6Ni0.2O2, sintered at 700˚C, 
800˚C and 900˚C 
Lattice sizes a (Å) c (Å) c/a Crystal composition 
Li1.4Mn0.6Ni0.2O2 700˚C 2.85 14.19 4.98 
Li1.2Mn0.6Ni0.2O2 61.47 % 
Li2MnO3 38.53 % 
Li1.4Mn0.6Ni0.2O2 800˚C 2.85 14.22 4.99 
Li1.2Mn0.6Ni0.2O2 72.33 % 
 Li2MnO3 27.67 % 
Li1.4Mn0.6Ni0.2O2 900˚C 2.85 14.23 4.99 
Li1.2Mn0.6Ni0.2O2 74.30% 
Li2MnO3 25.70% 
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Particle morphology, particle shape and sizes for the as-prepared materials were 
obtained using scanning electron microscopy and are shown in figure 3.3.2 below 
 
 
 
Figure 3.3.2. SEM images for Li1.25Mn0.6Ni0.2O2 calcinated at (a) 700˚C, (b) 800 ˚C, 
(c) 900˚C, Li1.3Mn0.6Ni0.2O2 at (d) 700˚C, (e) 800 ˚C, (f) 900˚C, and Li1.4Mn0.6Ni0.2O2 at 
(g) 700˚C, (h) 800˚C and (i) 900˚C. 
a b
a 
c 
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By observation particles sizes appear to grow bigger with increase in sintering 
temperature. The agglomeration also improves with increase in sintering 
temperature, except for Li1.4Mn0.6Ni0.2O2 material; particles at 900˚C still look very 
much agglomerated. Average particle sizes measured for Li1.25Mn0.6Ni0.2O2 were 167 
nm (700˚C), 193 nm (800˚C) and 218 nm (900˚C). The particles of Li1.3Mn0.6Ni0.2O2 
material sintered at 700˚C are rod-like and average size is much bigger compared to 
the same sample sintered at 800˚C (202 nm) and 900˚C (162 nm). As the 
temperature increased from 700˚C, particles shape changed from rod-like to 
spherical and particles appear uniformly distributed and less agglomerated. 
Li1.4Mn0.6Ni0.2O2 particles at 700˚C appear well-distributed with 220 nm average 
particle size; however increase in sintering temperature did not improve the 
agglomeration. Increase in sintering temperature also produced non-homogenous 
particle sizes with average of 205 nm. There is a possibility for sample (i) to produce 
less capacity when cycled, this will be proved in the electrochemical section below 
[219].  
BET surface area analysis was further done for better understanding of the effect of 
sintering the materials at different temperatures. Table 3.3.2 below shows that the 
surface area is greatly influenced by sintering temperature. The materials sintered at 
700˚C possess overall high surface areas averaging to 8.07 m2/g with 
Li1.3Mn0.6Ni0.2O2 having the highest surface area compared to its counterparts. 
Surface area of the materials decreases with increase in sintering temperature. 
Table 3.3.2. BET surface area results for Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and 
Li1.4Mn0.6Ni0.2O2 sintered at 700˚C, 800˚C and 900˚C. 
Sample name                    Surface Area (m2/g) 
 700˚C 800˚C 900˚C 
Li1.25Mn0.6Ni0.2O2 7.95 ± 0.03 4.68 ± 0.04 2.58 ± 0.06 
Li1.3Mn0.6Ni0.2O2 8.58 ± 0.02 3.97 ± 0.04 3.08 ± 0.05 
Li1.4Mn0.6Ni0.2O2 7.70 ± 0.02 3.05± 0.01 0.19 ± 0.05 
 
3.3.2. Electrochemical measurements 
Figure 3.3.3 summarizes the first charge-discharge profiles for the as synthesized 
Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 at 20mA/g current density 
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between 2.0 V and 4.8 V respectively highlighting the activation of Li2MnO3 
component.  
 
Figure 3.3.3. First charge/discharge voltage profiles of the pristine (a) 
Li1.25Mn0.6Ni0.2O2, (b) Li1.3Mn0.6Ni0.2O2 and (c) Li1.4Mn0.6Ni0.2O2 calcined at 
temperature range 700 ˚C, 800 ˚C and 900 ˚C charged between 4.8 and 2.0 V at a 
rate of 0.1C (20 mA/g). 
All materials calcined at 900˚C exhibit a sloping voltage between 3.6 V and 4.4 V 
followed by a relatively long plateau around 4.5 V during the first charge process. 
Interestingly, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 sintered at 700˚C and 800˚C also 
exhibit a sloping voltage profile below 4.4 V. This long plateau relates to the 
activation of Li2MnO3 component converting the material into an electrochemically 
active material [112, 198, 199, 220]. Li1.25Mn0.6Ni0.2O2 material only showed the 
plateau due to Li2MnO3 component when sintered at 900˚C whereas for 
Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 materials the plateau was observed for all 
sintering temperatures. The capacities due to Li2MnO3 component are highlighted in 
figure 3.3.3 and it shows >200 mAh/g capacity due to activation of Li2MnO3 from 
Li1.4Mn0.6Ni0.2O2 sintered at 800˚C. Li1.3Mn0.6Ni0.2O2 material delivered capacity >200 
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mAh/g at all temperatures, while Li1.25Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 delivered 
>200 mAh/g at 800˚C and 900˚C sintering temperatures. There is a close relation 
between coulombic efficiency and the sintering temperature, however it was not the 
case for Li1.4Mn0.6Ni0.2O2 as the efficiency decreased to 58% at 900˚C as shown in 
table 3.3.2. Overall 800˚C sintering temperature shows to be the optimum 
temperature as it delivered capacities > 200 mAh/g for all cathode materials.  
Table 3.3.3. Coulombic efficiency summary amongst three materials sintered at 
700˚C, 800˚C and 900˚C. 
Sample name                    Coulombic efficiency (%) 
 700˚C 800˚C 900˚C 
Li1.25Mn0.6Ni0.2O2 52% 56% 73% 
Li1.3Mn0.6Ni0.2O2 65% 64% 70% 
Li1.4Mn0.6Ni0.2O2 64% 65% 58% 
Figure 3.3.4 below shows cycling performances of the materials sintered at 700˚C, 
800˚C and 900˚C. 
 
Figure 3.3.4. Comparative cycling stability (a) Li1.25Mn0.6Ni0.2O2, (b) Li1.3Mn0.6Ni0.2O2 
and (c) Li1.4Mn0.6Ni0.2O2 sintered at 700˚C, 800˚C and 900˚C cycled at 50 mA/g 
current density in the voltage range 2.0 V to 4.8 V. 
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Cycling stability of the cathode materials were tested for all three calcination 
temperatures 700˚C, 800˚C and 900˚C. Lowest capacities and capacity retentions 
where observed for materials sintered at 700˚C, the materials at this temperature 
retained about 80% of their capacity, the highest being 87% for Li1.4Mn0.6Ni0.2O2. 
This retention is still good enough compared to some of the reported retention values 
reported in literature for layered materials [194]. Table 3.3.4 below shows that 
increase in temperature results in more capacity retention and the increase averages 
to 10% increase and this trend is seen for Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 
cathode materials. The cycling performance graphs evidently show that 800˚C 
produces materials with the highest discharge capacities, also confirmed that this 
temperature attains the highest capacity retention > 90% post 50 cycles. Both 
Li1.25Mn0.6Ni0.2O2 and Li1.3Mn0.6Ni0.2O2 sintered at 800˚C retained 92% of the capacity 
post 50 cycles, with Li1.3Mn0.6Ni0.2O2 delivering >250 mAh/g discharge capacity.  
Table 3.3.4. Cycling efficiency summary for Li1.25Mn0.6Ni0.2O2, (b) Li1.3Mn0.6Ni0.2O2 
and (c) Li1.4Mn0.6Ni0.2O2 sintered at 700˚C, 800˚C and 900˚C 
Sample name                    Capacity Retention (%) 
 700˚C 800˚C 900˚C 
Li1.25Mn0.6Ni0.2O2 82% 92% 87% 
Li1.3Mn0.6Ni0.2O2 80% 92% 93% 
Li1.4Mn0.6Ni0.2O2 87% 90% 105% 
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Rate capabilities of the materials sintered at 700˚C, 800˚C and 900˚C are shown 
below in figure 3.3.5. 
 
Figure 3.3.5. Rate performance of (a) Li1.25Mn0.6Ni0.2O2, (b) Li1.3Mn0.6Ni0.2O2 and (c) 
Li1.4Mn0.6Ni0.2O2 sintered at 700˚C, 800˚C and 900˚C charged at 20, 50, 100, 200, 
400, 600, 800 and 1000 mA/g current densities. 
This validation step is an important part of the study, to test the tenacity of the 
cathode materials against fast charging for battery achievements, increase in current 
densities leads to increase in charging rates. Different current densities 20, 50, 100, 
200, 400, 600, 800 and 1000 mA/g were tested sequentially at 10 cycles per current 
density and 2.0 V to 4.8 V voltage range. A total of 80 cycles at various current 
densities were attained per cell and the cells were charged at 20 mA/g current 
density post 80 cycles to prove the capacity retention of the cathode materials. 
These current densities can be referred to as C-rates ranging from 0.1C-rate (20 
mA/g) to 5C-rate (1000 mA/g) assuming 200 mAh/g as the cathode material 
capacity. As expected increase in current densities lead to decrease in discharge 
capacity per rate step, for instance the discharge capacity decreased from 300 
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mAh/g (20 mA/g) to 120 mAh/g (1000 mA/g) for Li1.3Mn0.6Ni0.2O2 at 800˚C. Similar to 
first cycle profiles and cycling performance the materials sintered at 800˚C show 
better rate capability and overall performance. Layered oxide materials have been 
reported to deliver >200 mAh/g when charged at 15 or 20 mA/g current density in the 
voltage range 2.0 V and 4.8 V [142]. It is important to note that at increased current 
density for instance 100 mA/g current density, all materials sintered at 800˚C 
delivered >200 mAh/g discharge capacity with Li1.3Mn0.6Ni0.2O2 delivering >250 
mAh/g. At 1000 mA/g current density the Li1.3Mn0.6Ni0.2O2 material at 800˚C still 
produced capacities above 100 mAh/g. Compared to other layered materials 
reported in literature, these materials are by far much better, layered materials 
reported by Uzun et al delivered 100 mAh/g at 0.5C [151]. The materials therefore 
possess high rate capability especially Li1.3Mn0.6Ni0.2O2 at 800˚C, 120 mAh/g 
(1000mA/g) can be delivering at a fast time of 3.75 minutes. 
3.3.3. Conclusion 
This study shows that sintering temperature is an important phenomenon in 
producing lithium-rich cathode materials. SEM results shows that the size of the 
particles grew bigger with increase in sintering temperature and the shape of 
Li1.3Mn0.6Ni0.2O2 particles transformed from rod-shaped to spherical shape with 
increase in temperature. The crystal composition also changes with increase in 
temperature, particularly the percentages of the crystal compositions within the 
layered materials. The results show that Li1.3Mn0.6Ni0.2O2 delivers high capacity >200 
mAh/g at different calcination temperatures as well as high rate capabilities. As seen 
from the first cycle profiles, cycling performance and rate capabilities materials 
sintered at 800˚C delivered best performances. The materials sintered at 800˚C 
delivered >200 mAh/g discharge capacity with Li1.3Mn0.6Ni0.2O2 delivering >250 
mAh/g.  
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    CHAPTER 3.4 
Electrochemical performance of Li1.2Mn0.6Ni0.2O2 cathode material using 
Li4Ti5O12 anode electrode: towards development of full lithium ion batteries 
Chapter 3.1 and 3.2 proved that one-pot synthesis method produces Li1.2Mn0.6Ni0.2O2 
cathode materials with good electrochemical properties, such as first cycle 
coulombic efficiency, low resistance after cycling and stable cycling performance. 
The material produced at pH 10.0 is therefore further investigated in this chapter, by 
testing in a cell with Li4Ti5O12 (LTO) anode material instead of the conventional 
lithium metal used in half cells. 
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3.4.1. Structure and morphology characterization of electrodes post cycling 
The figure 3.4.1 below is aimed at qualitatively quantifying the possibility of Mn 
dissolution into the anode material.   
 
 
 
Figure 3.4.1. EDS spectra of the cathode (a) and anode (b) electrodes post 50 
cycles respectively. 
The EDS spectra for cathode electrode post cycling shows the presence of 
manganese, nickel, fluorine and phosphorus. Phosphorus and fluorine from the 
electrolyte as expected since the analysis was done post cycling. The wt% ratio 
between Mn and Ni was found to be 2.8:1 respectively. The EDS spectra for the 
anode material post cycling shows the presence of titanium, fluorine, phosphorus 
and traces of manganese and nickel. Phosphorus in the cathode spectra was 20 
a 
b 
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wt% while for anode was 2 wt%. Manganese and Nickel traces on the surface of the 
anode were 0.3 and 0.2 wt% respectively, this therefore suggest that there is a slight 
possibility of Mn and Ni dissolution during cycling. 
3.4.2. Electrochemical Measurements 
Figure 3.4.2 below show a first and second charge-discharge profiles of the LMN 
cathode material with LTO anode material charged between 0.5 V and 3.3 V. 
  
Figure 3.4.2. First and second charge-discharge profiles of LMN-LTO-A and LMN-
LTO-B 
The initial charge and discharge capacities for LMN-LTO-A are 394 mAh/g and 213 
mAh/g respectively making the first cycle 54 % coulombic efficient. During second 
cycle the discharge capacity decreased to 202 mAh/g from 213 mAh/g retaining 95 
% capacity. LMN-LTO-B on the other hand yielded 264 and 170 mAh/g capacity 
during first cycle with increased coulombic efficiency retaining 64% capacity. These 
results clearly highlight that LMN-LTO-B is more coulombic efficient compared to the 
LMN-LTO-A. During the second cycle the LMN-LTO-B cell retained 94% capacity 
and the absence of a plateau voltage proves that Li2MnO3 activation only took place 
during the 1st cycle. The results show a clear decrease in both capacity and 
coulombic efficiency for the Li1.2Mn0.6Ni0.2O2 cathode material when coupled with 
LTO anode compared to when using lithium metal. The electrode loading of the 
anode also plays a role, increase in loading (6.5 mg/cm2) resulted in increase in 
discharge capacity (213 mAh/g from 170 mAh/g) but decrease in coulombic 
efficiency (54%).The two graphs have the sloping and the plateau regions, which are 
characteristic to lithium-manganese-rich cathodes [112, 199, 203] which are 
associated with lithium extraction via nickel oxidation and Li2MnO3 activation for the 
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latter [172]. However literature has proven that the plateau is formed and activation  
takes place when the voltage reaches 4.4 V and above in a half cell using lithium 
metal as an anode [136, 221]. In this study however, the sloping voltage and the 
plateau were observed between 2.0 V and 3.0 V and between 3.0 V and 3.1 V 
respectively instead of 4.4 V and 4.5 V. The plateau resulted from the activation 
process of Li2MnO3-component despite the lower voltages.  
 
Figure 3.4.3 below shows the 11th, 20th and 60th cycle of the two cells at 50 mA/g 
after Li2MnO3 component was activated at lower current density (20 mA/g for 10 
cycles). 
 
 
Figure 3.4.3. Voltage profiles of charge-discharge cycles for (a) LMN-LTO-A and (b) 
LMN-LTO-B full cells at 50 mA/g current density 
Upon activation of Li2MnO3 component through the release of Li2O, MnO2 
electroactive material remains and takes part electrochemically in the subsequent 
cycles [222]. From the 11th cycle the cells were charged at 50 mA/g until 60th cycle. 
The discharge capacities for the two cells at 11th cycle were 165 and 136 mAh/g for 
LMN-LTO-A and LMN-LTO-B respectively. It can be clearly seen that the initial 
capacities did not significantly change upon cycling, and specific capacities of about 
167 mAh/g and 135 mAh/g were obtained after 60 cycles for both cells LMN-LTO-A 
and LMN-LTO-B respectively. LMN-LTO-A retained 78 % of the initial capacity whilst 
LMN-LTO-B retained 79 % of the initial capacity. There is a good capacity retention 
and less or no voltage fade at all in case of LMN-LTO-A cell. LMN cathode materials 
generally suffers voltage fade [223] and it is with great confidence that we report 
here less or no voltage fade for full cells with LTO anode. 
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Figure 3.4.4 below compares the rate capability performance of the Li1.2Mn0.6Ni0.2O2 
half cell (with lithium metal anode) as previously reported in chapter 3.1 in figure 
3.1.11 and LMN-LTO-A and LMN-LTO-B  cells (LTO anode). 
 
Figure 3.4.4. Rate performance for LMN-half-cell, LMN-LTO-A and LMN-LTO-B 
The half-cell was charged between 2.0 V and 4.8 V while the LMN-LTO cells at 0.5 V 
and 3.3 V at 0.1C (20 mA/g), 0.25C (50 mA/g), 0.5 (100 mA/g) and 1C (200 mA/g) 
10 cycles per C-rate. The half-cell shows to have better rate performance, the 
capacity decreases from 266 mAh/g discharge capacity at 0.1C-rate (20 mA/g) to 
200 mAh/g at 1C-rate (200 mA/g). LMN-LTO-A with the highest LTO loading 
capacity decreased from 213 mAh/g (0.1C-rate) to 125 mAh/g at 1C-rate while LMN-
LTO-B capacity decreased from 170 mAh/g to 96 mAh/g. The half-cell retained 75% 
initial capacity after four different c-rates (40 cycles in total), while LMN-LTO-A cell 
retained 59% and LMN-LTO-B retained 56% initial capacity. The results show that 
full cells suffer low-rate capability but still retains >50% initial capacity.  
 
 
109 
 
Figure 3.4.5 below shows the cycling performance of the LMN-LTO-A and LMN-
LTO-B cells at 50 mA/g current density between 0.5 V and 3.3 V for 50 cycles. 
 
Figure 3.4.5. Cycling performance of LMN-LTO-A and LMN-LTO-B cells 
LMN-LTO-A cell delivered a discharge capacity of 165 mAh/g at 50 mA/g current 
density in the beginning and increased to 167 mAh/g after 50 cycles. In the same 
note the LMN-LTO-B cell delivered 136 mAh/g and 135 mAh/g for 1st and 50 cycles 
at 50 mA/g current density. Both cells exhibit remarkable cycling stability, retaining 
the capacity over 50 cycles. This therefore suggest that the layered cathode 
materials cycled much better in a full cell with LTO anode material that with the 
lithium metal in a half cell. LMN-LTO-A cell yielded 101% capacity retention post 50 
cycles while LMN-LTO-B yielded 99%capacity retention. 
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The impedance measurements were done on both cells LMN-LTO-A and LMN-LTO-
B on fresh cells (before cycling) and after 20 cycles and the Nyquist plots are shown 
below in figure 3.4.6. 
 
  
 
Figure 3.4.6.  Nyquist plots of the impedance for the cells LMN-LTO-A (a) and (b) 
LMN-LTO-B before charging and after 20 cycles. 
Impedance measurements recorded for the full cells to further understand the 
internal electrochemistry processes and reaction kinetics of the lithium ion diffusion 
in the active materials involved [208]. The impedance of the cells were measured at 
two points, before cycling (black) and after 20 cycles (red) between 0.5 V and 3.3 V 
and the results are expressed as Nyquist plots as shown in figure 3.6.4. Both cells 
LMN-LTO-A and LMN-LTO-B yielded one semicircle observed in the high frequency 
region before and after cycling, which is the product of Rct and RSEI [135]. The total 
impedance for LMN-LTO-A cell remained the same before and after cycling, this 
implies that the LTO anode promotes slow formation of SEI and there is less 
resistance in the cell. These cells therefore are expected to deliver stable cycling 
performance. Table 3.4.1 below shows reaction kinetics fitted using a two randles 
electronic equivalent circuit (EEC) shown in figure 3.4.6. The Rct values for both cells 
before charging are 0.36 ± 3.43 and 25.57 ± 0.26 for LMN-LTO-A and LMN-LTO-B 
respectively, charge transfer resistance is quite low for LMN-LTO-A. Upon cycling 
the values increased to 51.26 ± 15.06 and 59.11 ± 0.4321 respectively. These 
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results implies that charge transportation is slightly altered upon cycling. The charge 
transfer resistance in these cells are still lower than cells with lithium metal anode 
(131 Ω for pH 10.0 cell after 20 cycles, reported earlier in chapter 3.1).  The Rct 
values are quite low compared to values reported (about 300 Ω) for these types of 
layered materials in combination with lithium metal anodes [151, 209].  In summary 
LTO containing cells show considerably low impedance compared to half cells, there 
is also a slight difference between two cells with different anode electrode loading, 
less anode loading has low impedance. Full cells also possess less internal 
resistance before charge mainly in the form of charge transfer resistance compared 
to half-cells.  
Table 3.4.1: EIS parameters for the LMN-LTO-A and LMN-LTO-B cells fitted using 
equivalent electrical circuit model. 
Sample name Rs (Ω) RSEI (Ω) C/CPEf Cdl Rct (Ω) ZW (ohm.s-1/2) 
Before cycling 
LMN-LTO-A 
23.39 
±0.36 
67.62 
±0.44 
1.86×10-6 
±62.40×10-9 
9.67×10-3 
±17.20×10-6 
0.36 
±3.43 
99.20 
±0.21 
LMN-LTO-B 
7.54 
±0.37 
34.65 
±0.43 
2.54×10-6 
±0.17×10-6 
0.01 
±18.31×10-6 
25.57 
±0.26 
40.94 
±0.17 
After 20 cycles 
LMN-LTO-A 
11.1 
±0.36 
18.58 
±14.99 
3.57×10-6 
±0.37×10-6 
6.89×10-6 
±3.82×10-6 
51.26 
±15.06 
146.30 
±0.06 
LMN-LTO-B 
9.04 
±0.53 
33.68 
±0.68 
0.026 
±0.12×10-3 
2.56×10-6 
±96.96×10-9 
59.11 
±0.43 
 
153.60 
±0.18 
 
 
  
Figure 3.4.7 Plots of –Z vs ω-1/2 for LMN-LTO-A (a) and LMN-LTO-B (b). 
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The lithium diffusion coefficients for samples LMN-LTO-A and LMN-LTO-B after 20 
cycles were 4.08×10-14 cm2 s-1 and 2.94×10-13 cm2 s-1 respectively. The cell with less 
anode loading resulted in less impedance, lowest Warburg factor (slope) and faster 
lithium diffusion rate. Comparing the cells with LTO anode and half cells with lithium 
metal, the lithium diffusion rate is much faster when LTO anode material is used. 
Most importantly the Zw values have an inverse relationship with the diffusion 
coefficients, the higher the Zw value the slower the diffusion coefficient and vice-
versa.  
3.4.3. Conclusion 
LTO anode cells overall showed good electrochemical performance. The cells 
showed a sloping and plateau voltage during the first charge which are characteristic 
of Li1.2Mn0.6Ni0.2O2 layered structures. The LMN-LTO-A cell delivered higher 
discharge capacity ≥ 200 mAh/g at 20 mA/g, compared to the half cells these results 
are quite good and acceptable for further development of lithium ion batteries. The 
same cell also produced stable cycling performance at 50 mA/g retaining 101% 
capacity over 50 cycles and retaining 78% of the starting capacity (at 20 mA/g). 
LMN-LTO-B has better coulombic efficiency for the first cycle but delivered 43 mAh/g 
less capacity compared to LMN-LTO-A. However the cell also showed good cycling 
stability retaining 99% of the capacity over 50 cycles and retaining 79% of the 
starting capacity. These cells suffer little to negligible voltage fade over 60 cycles, 
thus producing good cycling stability. Post EDS spectra showed that all elements 
expected were present and Mn and Ni were found in small weight percentage on the 
anode surface suggesting the slight possibility of Mn and Ni dissolution. Overall, 
results obtained prove that Li1.2Mn0.6Ni0.2O2 cathode material retains its capacity 
even when using LTO as an anode ≥200 mAh/g capacities were obtained. The 
results further prove that these cathodes are good candidates for lithium ion battery 
power sources where long cycle life is concerned.  
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CHAPTER 4 
General conclusion and future work recommendations 
4.1. Concluding remarks 
In this work a series of lithium ion battery cathode materials were produced using a 
newly developed facile one-pot co-precipitation synthesis method. The facile method 
proved to be advantageous over the well-known traditional co-precipitation method in 
many ways including removal of filtration step, the repeated washing step, drying, 
grinding the Mn0.75Ni0.25(OH)2 or Mn0.75Ni0.25CO2 precursor and lithium source. Taking 
out all the steps mentioned, resulted in less steps and less equipment involved in 
producing layered materials, making the procedure time efficient and cost effective. 
High performing Li1.2Mn0.6Ni0.2O2 cathode materials were synthesized employing 
facile method while varying urea ratio producing the materials at pH 9, pH 9.5, pH 
10.0 and pH 10.5. The method produced pure homogenous cathode materials free 
of starting materials and intermediate carbonates as proved by EDS showing the 
ratio between Mn and Ni was 3:1 as expected. ICP-MS also proved that the 
materials were produced in their expected ratios. XRD further proved that the 
method produces pure and crystalline materials possessing two phases namely: 
Li2MnO3 and Li1.2Mn0.6Ni0.2O2. Materials delivered high capacities ≥ 200 mAh/g at 20 
mA/g current density and 2.0 V and 4.8 V voltage range. However the results 
showed that pH 10.0 is ideal for making these cathode materials as the material at 
this pH delivered the best overall electrochemical performance.  
In light with the results reported in chapter 3.1, the effect of lithium ratio in the 
layered structure was investigated in chapter 3.2. Four materials namely: 
Li1.2Mn0.6Ni0.2O2, Li1.25Mn0.6Ni0.2O2, Li1.3Mn0.6Ni0.2O2 and Li1.4Mn0.6Ni0.2O2 cathode 
materials were successfully synthesized through a facile modified co-precipitation 
process. XPS displayed that the cation distribution is greatly affected by the lithium 
ratio, the Mn4+ percentages increased slightly with an increase in lithium ratio. XRD 
refined data also proved that the increase in lithium ratio lead to the decrease of the 
Li2MnO3 phase percentage in the layered materials. Li1.3Mn0.6Ni0.2O2 cathode 
material possess the smallest particle size and largest surface area which are the 
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two properties needed for high capacity cathode materials. Indeed the cathode 
material exhibited best rate performance delivering >120 mAh/g discharge capacity 
at 400 mA/g current density and steady cycling performance. The material with the 
highest lithium content however, Li1.4Mn0.6Ni0.2O2 delivered less capacity even 
though it possess higher lithium coefficient 1.44×10-13 cm2 s-1  after 20 cycles and 
1.52×10-13 cm2 s-1 after 50 cycles. This observation therefore suggests that there is a 
limit to lithium loading in the layered structures and that lithium content greater than 
1.3 is fatal for the capacity of the materials.  
Effect of sintering temperature towards the morphology and subsequently the 
electrochemical performance of layered materials were investigated. Particles sizes 
and shape are greatly affected by the sintering temperature and they grew bigger 
with increase in sintering temperature. Particularly the Li1.3Mn0.6Ni0.2O2 particles 
transformed from rod-shaped to spherical shape with increase in temperature. BET 
also proved that increase in temperature leads to decrease in surface area. XRD 
showed that there is a relationship between sintering temperature and the 
percentage of Li2MnO3 phase, increase in temperature results in lower percentages 
of Li2MnO3 phase. The Li1.3Mn0.6Ni0.2O2 cathode material delivered high capacity 
>200 mAh/g at 700, 800 and 900˚C sintering temperatures. However materials 
sintered at 800˚C delivered best performances, good rate capability and cycling 
stability. The materials sintered at 800˚C produced >200 mAh/g discharge capacities 
with Li1.3Mn0.6Ni0.2O2 producing >250 mAh/g. At 1000 mA/g current density 
Li1.3Mn0.6Ni0.2O2 at 800˚C still produced capacities above 100 mAh/g.  
Cells were assembled using lithium titanate (LTO) as an anode instead of lithium 
metal and Li1.2Mn0.6Ni0.2O2 cathode material synthesized at pH 10.0 cathode. These 
cells showed good electrochemical performance. The study also showed that the 
anode loading plays a role towards electrochemical performance of the full cells. The 
LMN-LTO-A cell (6.5 mg/cm2 LTO) delivered higher discharge capacity ≥200 mAh/g 
at 20 mA/g and 101% capacity retention over 50 cycles and overall low impedance 
resistance. LMN-LTO-B (3.6 mg/cm2) has better coulombic efficiency but less 
discharge capacity and also showed good cycling stability retaining 99% capacity 
over 50 cycles.  
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4.2. Recommendations for future work 
The materials reported in this work have undoubtedly high capacities, good cycling 
performance and are stable at high voltage ranges 2.0 V and 4.8 V. We therefore 
propose future work on improving the high rate capability, for high energy and high 
power density applications.  
Morphological and structural changes during cycling of the cathode materials should 
be studied as well such as XPS analysis after first charge only, first cycle and 
second cycle to quantify the percentage of Mn3+ and Mn4+ in the material at different 
charging states. HRTEM should also be employed at these stages to quantify the d-
spacing and SAED patterns to quantify any structural changes. 
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